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ABSTRACT 
Mature wheat endosperm contain A- (diameter > 10 pn) and B-type (diameter < 
10 pn) starch granules. and show a bimodal granule size-distribution. Because the two 
starch granule types d i e r  significantly in chemical composition and functional 
properties. wheat cultivars with a unimodal sizedistribution of either A- or B-type starch 
granules would be very useful for the food and non-food industries. Breeding such wheat 
cultivars may be accelerated by the molecular and biochemical characterization of A- 
and B-type starch granules. Thus, the objectives of this study were the development of a 
method to purify A- and B-type starch granules, and the analysis of proteins and genes 
that may be related to the biosynthesis of the two starch granule types. 
Two methods, microsieving and centrifkgal sedimentation through aqueous 
solutions of sucrose. maltose or Percoll were used to separate A- and B-type starch 
granules. Homogeneous A- and B-type starch granule populations. representing their 
counterparts in mature wheat endosperm, were obtained by centrifugation through two 
Percoll sohtions (70% and 100%). Two starch granule-bound proteins. SGP-140 and 
SGP-I45 were found to be preferentially associated with A-type starch granules in 
deveIoping and mature wheat endosperm. Both SGP-140 and SGP-I45 were different 
variants of SBEIc, a 152 kD isofonn of wheat starch branching enzyme, and localized to 
the endosperm starch granules. The preferential association of SGP-I40 and SGP-145 
with A-type m h  granuies was correlated to the growth of wheat A-type _mules. and 
related to the occurrence of the bimodaI starch granule size-distribution in barley, rye and 
triticale endosperm. 
Starch synthase I has been implicated in the size determination of A-type starch 
granules in barley. However, it is not known whether wheat starch synthase I (wSST) has 
a similar function. Thus, biochemical and molecuiar characterization of wheat A- and B- 
type starch granules makes it necessary to clone and characterize wSSI. In developing 
wheat endosperm, wSSI was present at similar levels in starch granules throughout 
development, while in soluble fractions, wSSI was not detected at five days-post- 
anthesis (DPA), and had highest concentrations from I0 to I5 DPA. Analysis on a single 
wheat kernel basis showed that wSS1 had similar concentrations in soluble fractions 
fiom 15 to 25 DPA, and much more wSS1 was distributed in starch granules than in 
soluble endosperm fractions. Furthermore, wSSl accounted for approximately 65% of 
the total soluble starch synthase activity in wheat endosperm. Two hll-length cDNA 
clones encoding wSSI were isolated fiom a wheat cDNA library. Expressed in E.coli 
strain RH98 with glycogen qnthase deficiency, the wSSI cDNA produced an active 
starch synthase, and complemented the giycogen synthase deficiency. ~ S s l  transcript was 
detected in leaf, stem, root, pre-anthesis floret, ovary and pollen tissues. In endosperm. 
the expression of ivSsI was higher at 5 - 10 DPA than at 15 - 25 DPA. 
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CBAPTER 1. 
INTRODUCTION 
Wheat (Triricum asrivwn L.) is one of the most important staple foods in the 
world. Starch is the predominant compoaent of wheat endosperm (Hucl and Chibbar, 
1996), and constitutes the major source of carbohydrate in the human diet. Starch is 
present as discrete, water-insoluble granules in plastids. Two types of starch granules are 
found in mature wheat endosperm. The A-type starch granules are 10-35 pm in diameter 
and lenticular in shape; while the B-type starch p u l e s  are less than 10 p in diameter 
and spherical or polygonal in shape (Evers, 1973). A-type starch granules account for 
ody 3% of the total starch granule number in a wheat endosperm, but contribute more 
than 70% of the totai endosperm starch weight, 
Wheat A- and B-type starch granules are distinct in their development, chemical 
composition and functional properties. First, A-type starch granules are synthesized in 
amyloplast (A-type amy[oplast) at four to five days-post-anthesis @PA), while B-type 
granules are initiated within the strorna of A-type amyloplast at 12-14 DPA, and released 
into the cytoplasm late during grain development (Parker, 1985). Second, B-type starch 
granules usually contain less amyIose, but a higher amount of lipid and granuie- 
associated protein than A-type granules. Third, both types of starch granules differ 
significantly in gelatinization properdes, pasting characteristics, and baking applications 
[Seib, 1994). Genetic analysis suggests that the proportion of B-type starch granules in 
wheat endosperm is determined by additive genes with a narrow-sense heritability of 
0.59 (Stoddard, 1998). Quantitative trait h i  (QTL) affecting the overall size and the 
proportion of A-type starch granules are mapped on chromosome 2 in barley (Hordeurn 
vulgare L.) (Bodm et d., 1999). However, there are no reports concerning the 
biochemical and molecular characterization of A- and B-type starch granules in wheat. 
The differing chemical composition and fimctional properties of A- and B-type 
starch granules result in the two types of starch granules being utiked differently in 
both food and non-food industries. A-type starch granules are preferred for bread 
making, and are desirabie in any rapid industrial process, such as the manufacture of 
starch and gluten from flour. because B-type starch granules are usuaIly washed away, 
thus resulting in fow yield and increased manufacturing costs (Bechtei et al., 1990; 
Stoddard, 1999). Starch with predominantly B-type granules can be used as fat 
substitutes (Lim et d., 1992), while starch with a high percentage of A-type starch 
granules has appIications in the manufacture of biodegradable plastic fh and 
carbonless copy paper (Nachtergaele and Van NuffeI, 1989). Therefore, wheat cdtivars 
with either A- or B-type starch granules wodd be very usefi.11 both in food and non-food 
industries. In order to develop such wheat cdtivars, the moiecuIar and biochemical 
characterization of wheat A- and B-type starch granules is essential. 
The objective of this study was to investigate the molecular and biochemid 
mechanism that control the biosynthesis of A- and B-type starch granules during wheat 
endosperm deveIopment. Starch syothases (SS), starch branching enzymes (SBE) and 
starch debranching enzymes @BE) participate in the biogenesis of pIant starch grades  
(Bd et aI. 1996; Preiss and Sivak, 1998). Each of these starch biosynthetic enzymes 
exists in multiple isofom, and mutations inactivating any of these enzymes result in the 
modification of starch structure andlor granule morphology (Bhattacharyya et al., 1990; 
Mouille et al., 1996; Craig et d., 1998; Yamamori, 1998; Edwards et al., 1999). Thus, it 
is conceivabie that different isoforms of SS, SBE, aud DBE may play important roles in 
the biosynthesis of A- and B-type starch granules in developing wheat endosperm. In the 
barley shrunken (shx) mutant, the overall sizes of A-type starch granules are reduced, 
and the starch granule size-distribution is apparently unimodal rather than bimodal as in 
the wild type, Although several enzymes of the starch synthetic pathway were affected, 
starch synthase I was suggested as the primary mutation site in the shx mutant 
(Schuiman and Ahokas, 1990; Tyyneli and Schulman, 1993; Tyyneli et al., 1995). 
Therefore, one approach utilized in this study was to compare the isoforms of starch 
synthetic enzymes during the development of A- and B-type starch granules, and to 
determine if there are some isoforms that are related to the biosynthesis of A- or B-type 
starch granules. 
No mutant with altered starch granule size distribution, analogous to the shx 
endosperm in barley, has been reported in wheat. Thus. it is difficult to determine which 
of the multiple isofom of starch synthetic enzymes are dated to the biosynthesis of A- 
and B-type starch granules. The onIy available starting materials are A- and B-type 
starch granules themseives. It is well documented that starch granule-bound proteins 
(SGP) play important roles in starch granule synthesis. The 60 kD SGP has been shown 
to be a starch granule-bound starch synthase (GBSS I), and responsible for the synthesis 
of amylose in starch granules (Shure et d., 1983). In a wheat line lacking SGPI. a starch 
granule-bound starch synthase LI (SS II), large starch granules were mostly deformed, 
and a novel starch with increased iodine binding capacity was produced (Yamamori, 
1998). Therefore, it was considered prudent to investigate whether some SGP are related 
to the biosynthesis of A- and B-type starch granules. 
Purified A- and B-type starch granules are essential for precise analysis of SGP 
from the two types of ~h granules. Several procedures, including microsieving 
(Bathgate and Paher, I972), sedimentation in water (Bond et al., 1979; Meredith, 
1981), and elmiation (MacGregor, 1979) have been developed to separate A- and B- 
type granules. However, none of the three methods can give a complete separation of A- 
and B-type starch granules (Eliasson and Karisson, 1983). Thus, there is a need for a 
method to effectively purify A- and B-type starch granules. 
In summary, the objectives of this study were to: 1) develop a method to purify 
A- and B-type starch granules; 2) analyze proteins and genes that may be related to the 
biosynthesis of A- and B-type starch granules. Several experiments have been 
successfdly completed and written into three papers. I) Separation and characterization 
of A- and B-type starch granules in wheat endosperm. 2) Starch branching enzymes 
preferentidly associated with A-type starch granules in wheat endosperm; 3) Starch 
synthase I is the major soluble starch synthase in wheat endosperm: molecular cloning 
and characterization of wheat starch synthase I. 
CHAPTER 2. 
LxrFXATURE REVIEW 
2.1 Plant Starch Granules: Structure and Biosynthesis 
2.1.1 Plant starch granules 
Starch (amylum), a glucose polymer, is the predominant food reserve in plants, 
and constitutes the main source of carbohydrate in the human diet. It is composed of two 
glucan polymers: amylose and amylopectin. Amylose makes up to 20 - 30% of starch, 
and consists of predominantly linear chains of about lo3-10' glucose residues linked by 
a(1, 4) glucosidic bonds. The linear chains in amyiose are lisuaily branched at a low 
level by a(1, 6) linkages (about one branch per 1000 residues) (Hizukuri et al, I98 1; 
Shaunon and Garwood, 1984). Amylopectin constitutes 70 - 80% of starch, and is 
comprised OF short a(1, 4) glucan chains with an average length of 17 - 23 glucose 
residues, which are joined by Frequent a(1, 6) linkages. Thus, amylopectin is heavily 
branched and has a very high molucular weight, about 10'-10~ (Hizukuri et d., 1983). 
Amylopectin and amylose are usually packed as discrete, water-insoluble starch 
p d e s  in plastids. Starch granuIes are ciassified as transitory or reserve granules 
(Badenhuizen, 1969). Transitory starch granuIes accumulate in chloroplasts in leaves for 
only a short period of time before their degradation, and lack species-spec& shape. 
Reserve starch granules are usudy present in amyIoplasts in storage organs, such as 
seeds, tubers and roots (Badenhuizen, 1965). An amyloplast may contain one or several 
starch granules depending on the plant species. In wheat, maize (Zea mays L.), rye 
(Secale cereals L.), barley (Hordeurn vulgme L.), sorghum (Sorghum bicolor L.), potato 
(Solamcm tuberosum L.), and pea (Piswn sa- L.), an myloplast contains one starch 
granule, cd1ed a simple grande. In contrast, in rice (OF saiiva L.), cassava (Manihot 
utitissima L-) and sweet potato (Ipomuea batatas L.), each amyiopiast contains two or 
more starch granules, which are referred to as compound starch granules (Shannon and 
Garwood, 1984). Compared with transitory starch granules, those produced in storage 
organs are much more commercially vduabIe, and have species-specific shape and size. 
Thus, this review will focus on reserve starch granules. 
Reserve starch granules vary wideIy in grande sizes and size-distribution with 
plant species. Canna (Canna edulis L.) and white potato have the largest starch granules 
(120 pm), while those from rice and buckwheat (Fagopynrm escttlenncm L.) are the 
srndlest (2 p) (Kerr. t951; Shannon and Garwood, 1984). Further, starch granules 
from the same plant species can vary in diameter from 0.25 pn to over 100 pm 
(Brautlecht, 1953). In many plant species. such as maize. rice, oat (Avena sativa L.) and 
potato, the starch granule populations show a continuous range of grande sizes, and thus 
have a unimodd starch granule size-distribution. In wheat, barley, rye, and triticale (X 
Triricosecale Wittmack) endosperm, two starch granule populations with distinct sizes 
and shapes are present: the large lenticular shaped granules and the small spherical 
granules. Therefore, these piant species have a bimodal starch granule size-distribution 
(Shannon and Garwood, 1984). 
2.1.2 The structure of starch granules 
Starch grandes are semi-crystalline with a highly organized structure (Figure 
2.1). After chemical or a-amyIase treatment, statch granules show pronounced 
Figure 2.1. Schematic diagram of starch granule structure (adapted fiom Ball et al., 
1998). (a) A single starch granule is composed of alternating concentric amorphous and 
semi-crystalline growth rings. (b) Expanded view of the internal structure. The semi- 
crystalline growth ring contains stacks of amorphous (white section) and crystalIine 
(black section) lamellae. (c) The primary structure of an amylopectin molecule 
corresponding to amorphous and crystalline lamellae. (d) Part of the primary structure 
depicted in (c) is shown corresponding to the secondary structure proposed for 
m y  topectin. 
concentric growth rings under opticai and electron microscopy (French, 1984). These 
growth rings are alternatively of semi-crystallime and amorphous composition 
(Yamaguchi et al., 1979; Jenkins and Donald, 1995). The semi-crystalline ring is 
composed of stacks of alternating crystalline and amorphous lamellae derived from 
amylopectin. Amyiose molecuIes assuming single helical structures are packed into 
amorphous growth rings, which represent periodic growth because of daily fluctuations 
in carbohydrates available for starch deposition (French, 1984; Jenkins and Donald, 
1995). 
To form the semi-crystalline structure in starch granules, the A-chain and outer 
B-chain of amylopectin form double helices and associate into clusters. and the longer 
B-chains are involved in the formation of two or more clusters (Robin et al., 1974). 
These clusters are packed to produce a structure of dternating crystalline lamellae and 
amorphous lamellae (Figure 2.lb). Regions of double helices fall within the crystalline 
lamellae, while branch points lie in the amorphous lamellae (Figure 2.l.c and d). The 
combined size of the crystalline plus amorphous Iamellae is approximately 9 nm 
throughout the plant kingdom (Jenkins et al., 1993). Stacks of many alternating 
amorphous and crystalline IameIla form the semi-crystalline growth rings which range 
from 120 to 400 nm in size (Jenkins et al., 1993). Amorphous growth rings have the 
similar size to and surround the semi-crystaIline growth rings (Jenkins and Donald. 
1995). 
The precise structural role of amytose in starch granules is not clear. A large 
portion of the amylose seems to Iocalize in amorphous rings, and some amyiose may co- 
crystallize with amylopectin within the crystalline lamellae (Kasemsuwan and Jane, 
1994). Amylose may aIso form compIexes with lipid present within the starch granules, 
especially at the core of granules (Morrison, 1989). Jenkins and Donald (1995) found 
that increasing amylose contents in starch granules caused an apparent reduction of 
crystalline lamellae electron density, thus proposed that amylose may disrupt the 
packing of amylopectin double helices within the crystalline lamellae in two ways. First, 
amylose could co-crystallize with mylopectin, thus pulling the amylopectin chains out 
of the crystalline structure. Second, mylose chains may introduce disorder into the 
lamellar stacks by being oriented transverse to these stacks (Jenkins and Donald, 1995). 
There are other non-starch components within starch granules, such as small 
amounts of lipid (0.1 - 1.0%) and proteins (0.05 - 0.5%). Proteins are either integral 
proteins, which are the enzymes for starch synthesis embedded in starch granules. or 
proteins absorbed on the surface of starch granules. Lipids are usually present associated 
with amylose in starch granules (Morrison and Gadan, 1987). 
2.1.3 Biochemical aspects of starch granule biosynthesis 
The starch synthetic pathway and the enzymes involved therein have been 
extensiveIy reviewed previously (Preiss, 1991; Martin and Smith, 1995; Smith et al., 
1997; Bulion et al., 1998; Preiss and Sivak. 1998 BAga et al., 1999). Here the 
generalized pathway of starch granule biosynthesis will be presented, and the 
relationship between the Function of different starch synthetic enzymes and the 
composition and structure of starch granules will be reviewed. 
2.13.1 The formation of ADPglucose 
ADPglucose is the substrate for the synthesis of amylose and amylopectin 
(hiss, 1991). ADPgtucose pyrophosphorylases (AGPase) catalyze the synthesis of 
ADPglucose from ghcose-1-phosphate and ATP. AGPases are regdatory enzymes 
under allosteric control with inorganic phosphate and 3-phosphoglycerate as negative 
and positive effectors, respectively (Preiss and Sivak, 1998). 
The importance of AGPase in starch synthesis results fiom extensive studies of 
AGPase mutants of different plant species. The deficiency in AGPase activity in the sh2 
(shrunken 2) mutants of maize causes a 70% reduction of starch yields (Tsai and Nelson, 
1966), while the starch contents in the revertants of maize sh2 mutations are increased 
by 15% because of the recovery of APGase activity (Giroux et al., 1996). In potato 
tubers, antisense RNA for AGPase reduces the activity of AGPase and starch content by 
83 - 98.5% and 65 - 96%, respectively, as compared with wild-type potatoes (Miiller- 
Rober et al., 1992). Stark et al. (1992) reported that expression of a mutated Emli 
AGPase insensitive to dlosteric regulation in potato tubers increased starch contents up 
to 60%. However, when a normal E-coli AGPase was expressed in potato tubers, starch 
synthesis was not affected significantly. Further, mutations in AGPase also alter the 
structure of starch granules. van den Koornhuyse et al(1996) showed that stal mutants 
of Chlamydomonas reinhardtii defective for the large subunit of AGPase accumulate 
polysaccharides with a structure identical to that of transitory starch granules rather than 
reserve starch granules observed in wild-type. Therefore, all the studies with mutated or 
geneticdly modified AGPase provide strong evidence to support that AGPase is the 
major control point for starch synthesis in plants. 
2.13.2 Initiation of the synthesis of starch molecules 
The general concept about starch synthesis is that starch synthases transfer a 
glucosyl unit fiom ADPglucose to a non-reducing end of a pre-existing a(1, 4)-liied 
glucan primer (Fekete et al., 1960). However, this raises the question of how starch 
synthesis is initiated. In bacteria and mammalian systems, a self-glycosylating protein, 
glycogenin, was found to be involved in the initiation of glycogen synthesis (Lomako et 
al., 1988). Glycogenin catalyzes the covalent attachment of a glucose residue on its 
t y o s i ~ e ' ~  and the formation of a nascent glycogen molecule up to eight glucose 
residues, which is used as a primer for glycogen synthesis. A similar mechanism was 
suggested for priming the synthesis of starch molecules in plants (Tandecarz et al., 
1995). An enzyme, UDPglucose: protein transgiucosylase (UDPG) h m  potato tubers 
and maize endosperm catalyzes the attachment of glucose tiom UDPglucose to its amino 
acid side chain. Subsequently, the glycosylated UDPG acts as a primer for starch 
synthesis (Moreno et al.. 1986; Rothschild and Tandecarz, 1994). Purified UDPG fiom 
potato tubers is a homotetramer (made up of 38-kDa subunits) and could undergo self- 
glucosylation in an UDPglucose and &+dependent reaction (ArdiIa and Tandecarz, 
1992; h c c a  et al., 1997). 
2.133 The synthesis of amylopectin 
It is well documented that arnylopectin is responsible for the semi-crystailhe 
structure of starch granules. The first line of evidence comes &om the analysis of waxy 
starch granules. Despite the presence of very low concentration (< 1%) or the absence of 
amylose, waxy starch granules have the same structure as wild-type starch granules 
(Cooke and Gidley. 1992). Secondly, the polymodal distribution of the glucan chain 
lengths of amylopectin is the predominant determinant of the semi-crystalline structure 
in starch g rades  (Hizukmi, 1986). In maize and rice mgmyl mutants, phytoglycogen is 
produced in the expense of amylopectin synthesis (Nakamura et at., 1997; Beatty et al., 
1999). With a different polymodal distribution of branch chain lengths from 
amylopectin, phytoglycogen becomes water solubk, and assumes a similar structure to 
glycogen rather than to starch granules (Shannon and Garwood, 1984). Therefore, the 
major aspects of starch granule biosynthesis would be explained through the elucidation 
of the mechanism underlying mylopectin synthesis. 
The role of starch synthares 
Starch synthases (SS) catalyze the elongation of a-(I, 4)-linked glucan chains by 
adding glucosyl moiety from ADPglucose to the non-reducing end of the pre-existing a- 
(I, 4)-linked glucan primer (Fekete et d., f960). Multiple SS isofoms are involved in 
amylopectin synthesis, and are divided according to their amino acid sequences into 
three distinct classes: SSI, SSII and SSDI (Smith, 1999). Extensive studies of mutants 
defective for these isofom have contributed greatly to the understanding of their 
involvement in the synthesis of amylopectin. In potato, SSII and SSm account for about 
10-15% (Edwards et al., 1995) and 80% (Marshall et d.. 1996) of total soluble SS 
activity, respectively. Simultaneous reduction of SSII and SSIII activities through 
expression of antisense RNA causes serious disruption of starch granule morphology and 
severe alterations of amylopectiu structure. Starch granules are distorted with deeply 
sunken-in centers, and clusters of mail starch grandes are produced (Edwards et al., 
1999; Lloyd et al., 1999). Compared with the wild type, the amylopectin in SSIlYSSII 
antisense lines contains more glucan chains between dp (degree of polymerization) 7 and 
13 (Edwards et d., 1999) and more very long chains, with fewer chains between dp 15 
and 80 (Lloyd et al., 1999). In pea embryo, SSII contributes more than 60% of the total 
soluble SS activity (Denyer and Smith, 1992). Mutations at the pea rug5 locus resuIt in 
the depletion of SSII activity and abnormal starch granule morphology. Amylopectin in 
the rug5 mutants is enriched with short chains of dp 7 - 9 and very long chains, but is 
deficient in chains of intermediate length (dp 15 - 45) (Craig et al., 1998). In maize, the 
h l  gene codes for a soluble SS that is similar to potato SSIII and accounts for 20-30% 
of total soluble SS activity (Gao et al., 1998; Cao et al., 1999). The dui mutants display 
the appearance of some abnormally shaped starch granules, a more highly branched 
amylopectin, and the accumulation of 15% of starch as intermediate material (Wang et 
al., 1993). h sta3 mutants o f  C. reinhardtii, where the activity of a 115 kD soluble SS is 
absent, the crystai1inity of starch granules is altered. The amyiopectin has a higher 
number of short chains (dp 2-7) and fewer chains of intermediate length, than that in the 
wild-type (Fontaine et al., 1993). All these studies demonstrate different SS isofom 
may make distinct contributions to the synthesis of amylopectin. 
The role of starch branching enzymes 
The a ( l ,6 )  linkages in amylopectin are produced by starch branching enzymes 
(SBE). SBE catalyze the hydrolysis of an a(1, 4) glucosidic bond and the subsequent 
attachment of the severed chain (containing the original non-reducing end) to a hydroxyl 
group of carbon-6 of a glucosyl unit in an a(l,4)-linked gucan chain. Thus an a(l ,6)  
branch point is formed. Multiple isofom of SBE have been found in many plant 
species, and can be grouped into SBE-I and SBE-II classes (Burton et al., 1995; Preiss 
and Sivak, 1996; Jobling et al., 1999). Maize SBEI, wheat SBEI, potato SBEI, pea 
SBEII and rice SBEI belong to SBE-I family, which has a higher affinity for amyfose 
than anylopectin as an in virro substrate and transfer long chains. The SBE-I1 class 
includes maize SBEIIa and SBEITb, wheat SBEII, pea SBEI, rice SBEIII, which prefer 
amylopectin as isn vitro substrate and transfer shorter chains than those in the SBE-I 
ciass. Biochemical differences between the SBE-I and SBE-11 classes suggest that the 
former participate in vivo in the synthesis of the long and intermediate length chains in 
amylopectin, while the latter is responsible for the production of the short chains (Preiss 
and Sivak, 1996). 
Analysis of genetic mutants demonstrates the significance of the contribution of 
SBE to starch biosynthesis. The ae mutants of maize (Stinad et al., 1993) and rice 
(h4izuno et al., 1993) and r mutants of pea (Bhattacharyya et d., 1990) are defective for 
the activity of one SBE in the SBE-I1 class. The starch composition and concentration in 
these mutants are dtered considerably: the amylopectin concentration is decreased fiom 
70% to 30% with the appearance of an intermediate material which has bnger branch 
lengths than normal amylopectin and a lower molecular weight than wild-type amylose. 
Starch content is reduced by up to 20% in ae mutant endosperm and up to 50% in r 
mutant embryos. The morphoIogy of starch granules is dso changed significantly by the 
loss of one isoform of the class II SBE. Granules From these mutants become smdl and 
irregular or deeply fissured (Shannon and Garwood, 1984). Antisense inhiiition of the 
activity of SBE A. one enzyme in the SBE-I1 class of potato causes large structural 
alterations of amyiopectin in potato tubers, which has more long chaios (dp 23-60) and 
fewer short chains (dp 6-23) than the wiId type (Jobling et aI., 1999). In contrast, 
antisense inhibition of the activity of SBEI to very low levels in potato tubers results in 
no s ign ibn t  merences in amytopectin structure and granule morphology (MWer- 
R 6 k  and Kossmann 1994; Flipse et aI., 1996). However, a consistent alteration in 
starch physico-chemical properties is observed, indicating that a subtle modification of 
amylopectin structure results h r n  the antisense inhibition of SBET activity in potato 
tubers (Safford et al., t 998). 
The function of debranching enzymes 
Although SBE catalyze the formation of a{l,6) glycosidic bonds, their function 
can not produce the normal branching pattern, i.e. the spatid positioning of a(1, 6) 
glycosidic bonds, in amylopectin. Glycogen-like polysaccharides are synthesized in vitro 
with purified rice SBE ( N h u r a ,  1996). Expressed in E.coli defective for gIycogen 
branching enzyme activity, maize SBE produces glycogen-like polyglucans instead of 
amylopectin (Gum et al.. 1995). 
Extensive studies of sul (sugmyl) mutants in maize and rice (Pan and Nelson, 
1984; James et d,, 1995; Beatty et d., 1999; Nakamwa et al., 1997; Kubo et aI., 1999) 
and C. reinhardtii sta7 mutants (Mouille et al., 1996) have established the key role of 
starch debranching enzymes (DBE), including isoamylase and pdlulanase, in the 
determination of the branching pattern in amylopectin. Maize and rice sul mutants are 
deficient in both isoamylase and putldanase activities. These mutants synthesize a 
highly-branched, water-soluble gIucan called phytoglycogen in addition to amylopectin. 
In C. reinhurdtii sru7 mutants which tack one isoamylase of 88 kD, starch granules are 
replaced by phytoglycogen, (Mouille et al.. 1996). Further, Zeeman et at. (1998) 
reported that an Arabidopmis mutant defertive for isoamylase synthesizes both 
phytoglycogen and starch grandes in 1eafcMoroplasts. 
Despite the above evidence concerning DBE fimction in starch synthesis, there is 
some question as to whether DBE is directly involved in amylopectin synthesis. Ball et 
al. (1996) suggested that DBE is directly involved in amylopectin synthesis (Figure 22). 
In contrast, Zeeman et al. (1998) proposed that DBE is not directly involved in 
amylopectin biosynthesis. Zeeman et al. (1998) suggested that the action of SS and SBE 
in amyloplast strorna resuited in the synthesis of soluble branched glucans, wide the 
function of DBE was to prevent the accumulation of such soluble materials and direct 
glucan synthesis to the surface of granules. The reduction of DBE activity may prevent 
or reduce the hydrolysis of any a(l ,6)  linkages in the soluble glucans, thus resulting in 
the accumulation of phytogIycogen and a consequent decrease in the amount of SS and 
SBE avdable for the synthesis of amylopectin at the granule surface. 
A biochemical model for amylopectin synthesis 
Neither the synthesis of gIucans via starch synthetic enzymes in vitro nor the re- 
crystallization of solubiiized amylopectin can produce a gtucan with semi-crystalline 
structure (French. 1984). Glycogen has the same chemical composition as amylopectin, 
but assumes a tree-like structure and becomes a wa~er-soluble polysaccharide rather than 
starch granules. Thus, the synthesis of amytopectin and it organization to form a granule 
is a highly integrated and regulated process. Ball et aI. (1996) proposed a discontinuous 
synthesis model for amylopectin synthesis at the periphery of the growing starch 
granules (Figure 2.2). F i ,  SS elongate shoa gIucan chains fiom a previously 
synthesized and trimmed amorphous lamella at the periphery of starch granules. When 
these chains reach an appropriate length to accommodate the catalytic sites of SBE, 
branches are intensively and randomly generated through the action of $BE. Second, 
DBE trim down these unorganized branches. but do not have access to branch points 
close to the organized cluster zone. The action of DBE thus pmduces a region of shoa 
chains arising b m  branch points at the top of the cluster zone, from where the next 
Figure 2.2. The discontinuous model for mylopectin synthesis as proposed by Ball et al. 
(1996) (Adapted from Smith, 1999). 
round of elongation by SS is initiated. The discontinuous model explains the concerted 
actions of SS, SBE and DBE in the synthesis of amylopectin, the integration of 
amylopectin synthesis with its packing to form a starch granule, and the formation of an 
amylopectin cluster of constant size throughout the plant kingdom (Jenkins et al., 1993). 
However, there is still no in vivo experimental evidence for the validation of the 
discontinuous model. 
2.13.4 The synthesis of amylose 
Analysis of wx (waxy) maize (Shure et al., 1983)- wx wheat (Nakamura et al., 
1995), wx rice (Sano, 1984), wx barley (Hylton et al., 1996), amf (amylose-free) potato 
(Jacobsen et al., 1989), lam (low amylose) pea (Denyer et al., 1995b) and sta2 C. 
reinhardtii @elrue et d.. 1992) establishes that starch granule-bound starch synthase I 
(GBSSI) is responsible for the synthesis of amylose component in starch granules. All of 
the above mutants are defective for GBSSI activity, and contain no or very little amylose 
in starch granules. However, these mutants accumulate normal amounts of starch 
granules with wild-type semi-crystalline structure (Cooke and Gidley, I992), suggesting 
amylose synthesis starts after mylopectin is produced (Figure 2.3). This has been 
confirmed by in vifro amylose synthesis @enyer et al., 1996; van de Wal et al., 1998). 
van de Wal et al. (1998) proposed a pathway for amylose synthesis. GBSSI is 
tightly bound to an amyIopectin matrix, and elongates the external chains of 
amylopectin. At critical lengths, these external chains are cleaved from arnylopectin and 
become amylose (Figure 2.3). The cleavage may be catalyzed by granule-bound SBE, or 
a hydrolytic enzyme, or GBSSI itself. There is evidence to support this amylose 
synthesis pathway. First, wx mutants of rice (Takeda and Hizukuri, 1987) and sta2 
Figure 2.3. Schematic diagram of amylopectin and amylose synthesis as proposed by 
Preiss and Sivak (1996) (Adapted h m  BAga et al., 1999). 
mutants of C. reinhardtii @elrue et d., 1992) are not only deficient in amylose, but also 
in a fraction of amyiopectin with very long glucan chains present in wild-type. Second, 
van de WaI et al. (1998) observed the extension of mylopectin external chains by 
GBSSI and subsequent cleavage into amylose in vihq and the in vifro synthesized 
amylose was indistinguishable horn native amylose in structure, Denyer et al. (1946) 
also demonstrated that GBSSI elongated glucan chains within amyIopectin in isolated 
pea starch granules, and suggested both mylopectin and mdto-oligosaccharides can act 
as precursors for amylose synthesis. Third, Tatge et d. (1999) reported that amylose 
synthesis occurs within the matrix of starch granules in vivo, and the space available in 
the matrix is an important determinant of the arnylose content of storage starches. 
2.1.4 Anatomical aspects of starch granule formation 
Sadenhuizen (1965, 1969) observed the initiation of starch granule formation in 
amyloplasts of developing maize endosperm. Before visible starch granules appear, a 
separate phase or coacervate droplet of amorphous starch molecules, proteins, Lipid and 
amino acids accumulates in amytoplast. The coacervate droplets crystallize to form the 
nuclei or hilumla of deveIoping starch p u l e s  when the accumulation of coacervate 
dropiets reaches a critical amount Wherever in the amybplast starch granules have been 
crystaIlized, the accudated coacemate dropIets disappear. The crystallization may 
occur spontaneously, because the formation of a separate coacervate phase is the 
physico-chemical consequence of the incompatibility of aqueous solutions containing 
different high molecdar weight polymers (French, 1984). In the amyloplast stroma, the 
high molecuiar weight polymers, such as amorphous starch molecuies, proteins and 
lipids, crystallize to form starch grandes. 
It has been proposed that starch granules grow by apposition after the 
production of a small starch granule nucleus (Badenhuizen, 1965; Shannon et d., 1970). 
Badenhuizen (1965, 1969) reported that starch molecules were synthesized in the 
amyloplast stroma, and then deposited in the form of coacervate droplets on the 
periphery of developing starch granules. Shannon and co-workers (1970) exposed maize 
plants to ' k 0 z  far starch synthesis, and found that I4c was distributed throughout newly 
formed arnylose and amylopection molecules in starch granules, indicating that starch 
moIecules are completeLy synthesized in the amyloplast stroma and then deposited on 
the starch granule surface. On the other hand, Ball et al. (1996) proposed that 
amylopectiu was produced at the surface of the starch granule by starch synthase, starch 
branching enzyme and debranching enzymes, thus starch granules grew through 
extension of its peripherd starch molecules rather than apposition. 
2.2. Starch Granules in Wheat Endosperm 
22.1. Wheat endosperm has a biomodal starch granule size-distribution 
At maturity. wheat endosperm contains two major types of starch granules: large 
A- and small B-type granules (Evers, 1971). A-type starch granules are disk-like or 
lenticular in shape, with an average diameter of 10-35 p, whereas B-type starch 
granules are roughly spherical or polygonal in shape, ranging from one to ten pm in 
diameter (Buttrose, 1963; Evers, 1971). On average, A-type granules make up to 3% of 
the total number of starch granules in wheat endosperm, but contribute more than 70% 
of the total endosperm starch weight (Evers and Lindley, 1977). On the other hand. B- 
type grandes account for over 90% of the total number of starch granules, but contriiute 
only about 2530% of the total weight of starch in mature wheat endosperm (Eves, 
1974; Momson and Gadan, 1987; Stoddard, 1999). 
Plotting the starch weight percentage or relative number of granules against 
granule diameter shows that wheat endosperm has a typical bimodal starch granule-size 
distribution curve, with the first peak as B-type granules and the second as A-type 
granules (Evers, 1973; Morrison, 1989; Seib, 1994)- However, Bechtel et al. (1990, 
1993) obtained a trimodal granule size-distribution by using quantitative image analysis 
coupled with dark field microscopy. In the trirnodal distribution, in addition to A- and B- 
type starch granules, a C-type starch granule popdation is recognized. The C-type starch 
granules are less than five pn in size and compose 45.7%, and 3.4% of the total starch 
grande number and mass, respectively, at maturity. Reaker et al. (1998) reported a 
similar trirnodal granule size-distribution in wheat endosperm. 
2.2.2 The development of A- and B-type starch granules is different in wheat 
amyloplast 
In wheat endosperm. amyloplasts are the sites for the synthesis of A- and B-type 
starch grandes. However. the development of A-type starch granules is significantly 
different fiom that of B-type granules (Buttrose, 1963; Eves, 1971; Parker, 1985; 
Bechtel et al., 1990). Each amylopIast produces one A-type starch granule, which is 
initiated about four to five days-post-anthesis @PA). The increase in the number of A- 
type granules stops about seven days later when cell divisions cease in the endosperm 
(Briarty et al., 1979). After that, the A-type granules do not grow in number, but they do 
increase in size to a ihd diameter fiom 10 pm to 35 pm at maturity (Dengate and 
Meredith, 1984). The formation of B-type granules is initiated in A-type amyloplasts 
(amyloplasts containing one A-type starch granule) approximately 12-14 DPA (Parker, 
1985; Bechtel et af., 1990; Seib, 1994). Both the number and size of B-type granules 
increase until grain maturity. However, the diameter of B-type starch granules is usually 
Iess than 10 pm (Morrison, t 989). 
Based on the examination of the growth of starch granules 5orn immature wheat 
kernels using a scanning elecbon microscope, Even (1971) reported a developmental 
sequence for the formation of A-type starch granules, Before or at four DPA, initid, 
minute spherical granules are formed in amylopiast, and become the nuclei of A-type 
starch granules. The nuclei grow by progressive deposition of glucan polymers. Because 
the growth of the granuIar nucleus occurs Eiom one side, the early form of the granular 
nucleus is partidly surrounded by a lip-Iike structure, which eventually fuses as the lips 
advance toward each other in the equatorid plane. Subsequently, the nucleus is 
completely surrounded by a flange-like outgrowth. Further growth of the granular 
nucleus results in the fonnation of a large, Lenticular A-type granule in an amyloplast at 
maturity. 
Wheat B-type starch granuIes are found to originate from A-type myloplasts 
(Buttrose, 1963; Parker, 1985). Buttrose (I  963) observed that B-type granules appeared 
first between A-type granules and their enciosing arnyloplast membrane. The membrane 
then protruded into the cytoplasm and constricted to release B-type granules. This 
observation was confirmed and extended by Parker (1985). He reported that before 12 
DPA, each amyloplast contained one A-type granule. From 12-16 DPA, B-type granules 
are initiated within the stroma of some A-type amyloplasts, and they d l y  develop in 
the region of the groove and tub& of A-type starch granules. Some A-type amyIopIasts 
produce narrow protrusions extending into the cytoplasm, where B-type granules 
develop to rna&ty and are subsequently released into cytoplasm. 
2 3 3  Wheat A- and B-type starch granules have different chemical compositioas 
Wheat starch granules are composed of amylose, amybpectin, and small 
amounts of proteins and lipids which are entirely ~ysophosphotipids (Ellis et al., 1998). 
Quantitative differences in these components were found between wheat A- and 8-type 
starch granules (Morrison and Gadan, 1987; Seib, 1994; Reaker et al., 1998). B-type 
granules usually contain 2-3% less amylose, but a higher amount of lipid and granule- 
associated proteins than A-type granules. Further, amylose and arnylopectin in wheat A- 
and B-type starch gmdes may have different structures. Takeda et ai. (1999) analyzed 
the structure of amylose and amylopectin tiom barley A- and B-type starch granules. 
The amylose in B-type starch granules has much longer and a larger number of glucan 
chains than amylose in A-type granules. The amylopectin of B-type starch granules has a 
higher proportion of glucan chains of dp 6-9 and dp 16-19 and fewer glucan chains of dp 
20-37 than A-type granule amylopectin. This results in the B-type starch granules having 
smaller amylopectin moIecules than A-type. 
The distribution of amylose, amylopectin, and lysophoasphotipids within A-type 
granules is significantly different fiom that within B-type granules, which results in the 
different enzyme digestibility between A-type and B-type granules (Morrison, 1989; 
Seib, 1994). The A-type granules are asymmetrical in the quantitative distniution of 
their components: the central region contains Iower concentrations of amylose and 
lysophospholipids than the outside region. Digestion of A-type granules by amylases, 
such as salivary a-amylase and amyIogIucosidase, produces hoIes on granule surfaces. 
Amylases penetrate the granules through these holes and digest amorphous regions 
within granules, leaving pits d l  over the A-type granule surface and concentric shells of 
undigested crystalline material (Lorenz and Meredith, 1988). On the other hand, B-type 
granules are digested by surface erosion, and there is little evidence of pits on the 
granule surface and internal digestion, indicating that the distribution of starch 
components within the B-type granules is symmetrical (Morrison, 1989). 
2.2.4 Wheat A- and B-type starch granules have different functional properties 
The A- and B-type wheat starch granules differ not only in their chemical 
composition, but also in their functional properties, such as geIatinization, retrogradation 
behavior, pasting characteristics and baking properties (Kulp, 1973; Meredith, 1981; 
Eliasson and Karlsson, 1983; Soulaka and Morrison, 1985). Compared with A-type 
starch granules, B-type granules start to gelatinize at a tower temperature (T,), but have a 
higher gelatinization peak temperature (Tp) and completion temperature (TJ (Tester and 
Momson, 1990). The most significant difference between the A- and B-type granules is 
that B-type starch granules have a much Iower enthalpy than A-type granules (Soulaka 
and Morrison 1985). The theological properties of a starch gel are very sensitive to 
starch granule size. Higher B-type granule content in a gel increases the Stifkess of the 
gel (Eliasson and Karlsson, 1983). The hot paste consistencies of both starch granules 
are similar, but compared with A-type, B-type granules are lower in hot paste stability 
and produce cold paste with lower consistency (Kulp, 1973). For baking applications, B- 
type granules have lower baking potential than A-type granules (Kulp, 1973); the breads 
prepared with blends containing a higher percentage of B-type granules are much Iower 
in voIume and poorer in quality than those made h m  blends with higher percentages of 
A-type granuies. Soulaka and Morrison (1985) also found that the highest specific loaf 
volume is obtained with 2535% (weightiweight) B-type granules. 
The differences in the chemical characteristics and fimctional properties of the A- 
and B-type wheat starch granules dictates their end uses in food and nonfood industries. 
Starch with predominantly B-type granules has been proposed as  a fat substitute, 
because these granules are similar in size to lipid micelles (Jane et al., 1992). On the 
other hand, B-type starch granules are not desirable for the wet milling process, such as 
the manufacture of gluten and starch fiom wheat flour, because they are usually washed 
away, thus increasing the manufacturing cost (Staddard, 1999). Starch with a high 
percentage of A-type granules has applications in the manufacture of biodegradable 
plastic film (Lim et al., 1992) and carbonless copy paper (Nachtergaele and Van Nuf'Cer, 
1989). 
22.5 Starch granule size-distribution is genetically controlled 
Starch granule size-distribution appears to be a trait under genetic control. 
Wheat, barley, rye, and triticale endosperm have bimodal starch granule size- 
distributions, while in other cereals, such as maize and rice, starch granuie size- 
distribution is unimodal (French. 1984). However, mutations at the s h  locus result in 
barley endosperm with an apparent unimodal starch granule size-distribution (Schulman 
et d., 1994). Quantitative trait Ioci affecting the proportion of A-type starch granules in 
barley endosperm have been mapped on chromosome 2 (Boriim et aI., 1999). Dengate 
and Meredith (1984), BechteI et aI. (1993) and Stoddard (1999) investigated starch 
granule sizedistribution in hundreds of wheat cultivars, and found that all the wheat 
genotypes have a biomodal starch granule size-distribution with slight modifications 
caused by environmental effects. Genetic analysis by Stoddard (1998) demonstrated that 
the proportion of B-type starch granules in wheat endosperm is determined by additive 
genes with a narrow-sense heritability of approximately 0.59. 
CHAPTER 3 
SEPARATION AND CHARACTERMUTION OF A- AND B-TYPE STARCH 
G W S  IN WAEAT ENDOSPERM 
3.1 Abstract 
Mature wheat (Triticurn aestivum L.) endosperm contains two types of starch 
granules: large A-type and small B-type starch granules. Two methods, microsieving or 
centrifirgal sedimentation through aqueous solutions of sucrose, maltose or Percolt were 
used to separate A- and B-type starch granules. Microsieving could not completely 
separate the two types of starch granules, while centrifuging through maltose and 
sucrose solutions gave a homogenous population of B-type starch granules only. 
Centrihging through two Percoil solutions (70% and 100%. v/v) produced purified 
populations of both the A- and B-type starch granules. AnaIysis of starch granule size 
di i iu t ion  in the purified A- and B-type granule popdations and in the whole-starch 
granule population obtained diredy from wheat endosperm confirmed that the purified 
A- and B-type starch granule populations represented their counterparts in mature wheat 
endosperm. Centrihgations through two PercoIl concentrations were used to purify A- 
and B-type starch granuIe populations fiom six wheat cultivars. The amylose 
concentrations and gelatinization properties of these populations were analyzed. The A- 
type starch granules in the six cdtivars contained higher amylose concentrations and had 
higher gelatinization enthalpies than did B-type starch granules. Although A- and B-type 
starch granules started to gelatinize at a similar temperature, B-type starch granules had 
higher gelatinization peak and completion temperatures than did A-type starch granules. 
3.2 Introduction 
Wheat grain is one of the major cereals consumed by human beings. Starch is the 
predominant component of the wheat grain and constitutes two-thirds to three-quarters 
of the dry weight of a wheat kernel, depending on the cultivar (Hucl and Chibbar, 1996). 
At maturity, wheat endosperm contains two types of starch granules: large A- and small 
B-type starch granules (Evers, 1971). A-type starch granules are disk-like or lenticular in 
shape, with an average diameter of 10 - 35 pm, and conmbute > 70% of the total weight, 
and about 3% of the total granule number. of endosperm starch. On the other hand, B- 
type starch granules are roughIy spherical or polygonal in shape, ranging from 1 to 10 
pm in diameter. These account for > 90% of the total granule number, but < 30% of the 
total weight of starch in wheat endosperm (Evers. 1973; Morrison and Gadan, 1987). 
Wheat A- and B-type starch granules are reported to have significantly different 
chemical compositions and functional properties, such as amylose, amylopectin, lipid 
and protein concentrations. pasting characteristics and baking properties (Seib, 1994; 
Maningat and Seib, 1997). These differences resuIt in the two starch granule types being 
utilized differently, both in food and nonfood uses. For example, starch with 
predominantly B-type starch granules can be used as a fat substitute (Lim et d., 19921, 
while starch with a high percentage of A-type starch granules has appiications in the 
manufacture of biodegradable plastic fiIm and carbodess copy paper (Nachtergaele and 
Nrrffel, 1989). Thus, wheat cultivars with predominantly B- or A-type starch granuies 
would be very usefd to the food and non-food industries. To develop these wheat 
cultivars, the biochemical characterization and ontogeny of A- and B-type starch 
granules during wheat kernel development must be understood, For this purpose, it is 
essential to develop methods that will efficiently separate the two types of wheat starch 
granules* 
To separate wheat A- and B-type starch granuies, severd procedures, including 
microsieving (Evers, 19731, sedimentation in a water column (Momson and Gadan, 
1987) and elutriation (MacGregor, 1979) have been used. The separated starch granules 
were evaluated for chemical composition and functional properties. However, these 
procedures usually could not completely separate A- and B-type starch granules. Thus, 
the results from the subsequent characterization of A- and B-type starch granules should 
be used with caution. The objectives of the present study were: 1) to develop an efficient 
procedure to completely separate wheat A- and B-type starch granules; 2) to determine 
whether the separated A- and B-type starch granule populations couId represent their 
counterparts in mame wheat endosperm: 3) to measure the amylose concentrations in 
A- and B-type starch granules, and 4) to study the gelatinization properties of A- and B- 
type starch grandes. 
3 3  Materials and Methods 
33.1 Starch granule isolation 
Wheat starch granules were isdated from mature seeds of T r i t i m  aesrivum cv. 
CDC Ted, Wheat grains (5.7 g) were steeped in 40 rnl double distilled water @DW) at 
4 OC for 16 h. The softened seeds were degmed and ground in an autocIaved mortar 
and pestle in 40 ml DDW. The slurry was &red through four layers of cheesecloth to 
remove endosperm cell debris and centrifuged at 3500 x g for 5 min. The yellow gel-like 
layer on top of the packed white starch grande pellet was carellly removed. The starch 
granule pellet was then suspended in 5 ml of DDW, overlaid on 30 ml of 80% (wh) 
cesium chloride, and centrihged at 3500 x g for 5 min, The supernatant and cesium 
chloride with debris were discarded. The starch granule pellet, referred to as the whole 
starch granule population, was washed twice with 30 ml wash buffer (62.5 mM Tris- 
HCI, pH 6.8, 10 mM EDTA and 4% SDS), four times in DDW, and once with acetone. 
The starch granule pellet was then air dried and stored at - 20 OC. 
33.2 Separation of A-type and B-type starch granules 
The wheat starch preparation containing both A- and B-type granules was 
separated into the two types of granules by the folIowing methods. 1) Microsieving. 
Wheat starch (0.5 g) was suspended in 200 ml of DDW. The starch suspension was 
filtered through two layers of nyton screen with a mesh diameter of 10 pn. The starch 
fiaction retained by the screen was the A-type starch granule population, and that h m  
the filtrate comprised the B-type starch granule popdation. 2) Cenrrtfigation through 
maltose (80%, w/v). A 5-ml volume of starch suspension in DDW (0.1 g/ml) was Iaid on 
the top of 10 d 8 0 %  (wlv) maltose in a 15-ml &ss tube and centcihged at 10 x g for 
10 min. The supernatant which contained 5-type starch granules was removed to another 
tube. The pellet was washed two times in DDW, suspended in 5 mI DDW, and 
centrifuged four times in k s h  80% mdtose solution. The starch pellet constituted the A- 
type starch granule population. The supernatants were pooled and centrihged at 3500 x 
g for 5 min, and the resuIting starch pellet comprised the B-type starch granule 
population. Finally, A- and B-type starch granules were washed three times in DDW and 
once in acetone and then air-dried. 3) Cenm$gation through sucrose (80%. wh). The 
separation procedure was the same as for maltose centrifugation except that maltose was 
replaced by 80% (wlv) sucrose. 4) Cenmificgation through Percoll(70 and 100%. dv). A 
5-ml of starch suspension (0.1 glml) was laid on the top of 10 ml 70% (vlv) Percoll 
solution (Pharmacia Biotech, Quebec) in a 15-ml centrihgation tube and centrifbged at 
10 x g for 10 min. The supernatant, containing B-type starch granules, was removed to 
another tube. The petlet was washed twice in DDW, suspended in 5 ml DDW, and 
centrifUged three times in 70% (vlv) Percoll solution at 10 x g, 10 min. The pellet 
containing predominantly A-type starch granules was washed in DDW, suspended in 5 
mI DDW, and purified to a homogeneous A-type starch granule population by three 
cycies of Percoil 100% (vlv) centrifugation (10 x g, 10 min in each cycle). Starch 
granules obtained h m  the pooled supernatants were considered as B-type starch 
granules. A- and B-type starch granules were washed and dried as described above for 
maltose centrifugation. 
3.33 Starch granule size analysis 
The sizes of starch granules fiom the purified A- and B-type starch granule 
populations and h m  the whole-starch granule population (directly h m  wheat 
endosperm) were andysed. Starch granules were suspended in 90% (vlv) ethanol. A 
drop of the starch suspension was spread on a microscope sIide and air-dried. The slide 
was then placed on the stage of a light microscope (Leitz Laborluc K and D, Wetzlar, 
Germany). Images of starch granules were analyzed using an image analyzer equipped 
with image acquisition and processing software (BioQuant System IV, lmage 
Technology, New York). More than 1000 starch granules horn each of the three starch 
granule populations (the purified A- and B-type and the whole-starch granule 
population) were analyzed. Starch granules were grouped according to diameter (Figure 
3.1 .B and 3.1 .C), and the number of starch granules in each group was counted. Plotting 
the relative number of starch granules against granule diameters produced a starch 
granule sizedistribution curve. 
33.4 Determination of amylose concentration and starch gelatimation properties 
Starch granules were isolated from the mature endosperm of five hexaploid 
wheat cultivars (T. aestivum cvs. CDC Teal, McKenzie. AC Karma, AC Crystal, and 
Fielder), and one tetraploid d m  wheat (T. turgidurn cv. Plenty). A- and B-type starch 
granules were separated using two Percoll solution centrihgations. 
The total starch concentration of A- and B-type starch granules was analysed 
using the a-amylase/amylogIucosidase procedure (Megazyme total starch analysis kit, 
Megazyme, Wicklow, Ireland) (McCleary et al., 1994). A 100-mg starch sample (A- or 
B-type starch granules) was wetted with 0.2 ml of ethanol and completely dissolved by 
partid hydrolysis with thermostable a-amyIase. Dextrins were then quantitatively 
hydrolysed to glucose by amyloglucosidase. The amount of glucose was determined, and 
the starch coxentration was calculated on the basis of dry starch granules (0% moisture) 
as described by McCleary et al. (1994). 
Arnylose concentration in A- and B-type starch granules was analyzed as 
described by Gibson et al. (1997). A 25-mg starch sarnpIe was dissolved in one mi 
dimethyl sulfoxide solution by boiling for 15 min. Ethanol was added to precipitate 
starch and to remove lipid. The starch pelIet was redissolved in dimethyl sulfoxide. An 
aliquot (0.5 mL) was used to determine the tom1 starch content. In another aliquot (1.0 
mL), the mytopectin was precipitated with concanavalin A. The quantity of amylose 
remaining in the solution was determined after quantitative hydrolysis to glucose by 
a~loglucosidase/a-acnylase, and expressed as a proportion (%) of the total starch. 
Gelatinization properties of A- and B-type starch grandes were determined by 
differential scanning calorimeter (Mettler TA3000) as described by Abdel-Aal et al. 
(1997). A starch sample (4-5 mg) was loaded into a differential scanning calorimeter 
pan, and the requisite amount of water was added to give a volume ratio of 3: 1 between 
water and starch. The sample was then heated at 10 'c/min and the transition 
temperatures recorded horn a plot of heat flow verms temperature (30 - 100 OC). The 
onset (To), peak (Tp) and comptetion (Tc) temperatures were taken from the curve and 
expressed in 'c. The enthalpy of gelatinization (AH, J/g) was calculated h m  
measurement of the curve area using indium as the reference standard. 
3.4 Results and Discussion 
3.4.1 Separation of A-type and B-type starch granule populations 
Wheat A- and B-type starch granules have significantly different sizes and rates 
of sedimentation in a water column (Seib, 1994), by which the two types of starch 
granules may be separated. In this study, microsieving separated A- and B-type starch 
granules according to their sizes, and centrihgation through maltose, sucrose and PercolI 
separated the two types of starch granules on the basis of their distinct rates of 
sedimentation in these solutions. TabIe 3.1 shows that microsieving could not 
completely separate A- and B-type starch granules, whereas centrifugation through 
maItose or sucrose soiution produced a pudled B-type starch granule population, but 
could not give a homogeneous A-type starch granule population. However, 
centrifbgation twice through Percoll (70 and loo%, v/v) completely separated the two 
types of starch granules (Figure 3.1 .A). 
In microsieving, many small B-type starch granules were attached to the d a c e  
of large A-type starch granules and were retained in the A-type starch granule 
population. Some large A-type starch granules passed through the nylon screen and, 
hence, were present with B-type starch granules in the filtrate. Eliasson and Karkson 
(1983) found that the shape of starch granules also affected passage through microsieves. 
In this study, after microsieving, the A-type starch gmule population contained about 
67% of B-type starch granules, and the B-type starch granule population had > 20% of 
A-type starch granules (Table 3.1). 
Sedimentation in a water column and elutriation separated A- and B-type starch 
granules based on the differences in sedimentation rate, However, because the density of 
water was low. the difference between sedimentation rates of A- and B-type starch 
granules in water was not large enough to separate the two types of starch granules. 
Therefore, neither sedimentation in a water column nor elutriation could completely 
separate A- and B-type starch granules (MacGregor, L979; ELiasson and Karlsson, 
1983). Eliasson and KarIsson (1983) reported that the A-type starch granule population 
fiom sedimentation in a water column contained about 20% (by number) B-type starch 
granules, while the B-type starch granule population contained about 30% (by weight) 
A-type starch granules. 
Table 3.1. Efficiency of different methods to separate A- and B-type starch grande 
populations. 
B-type Granule Population (%) A-type Granule Population (%) 
Method A-type B-type A-type B-type 
Microsieving 2 1.7 78.3 
b ~ d t o s e  0 100 
C Sucrose 0 100 
d~ercoU 0 100 
.- -- - 
aDiameter of starch granules was determined with micrometer under light microscope. 
Starch granules with diameter > 10 p a  are A-type starch granules. Those < 10 pm are 
B-type starch grades. About 300 starch granuIes were analyzed for each method. 
%Aaltose: singkdensity maltose (80%. wfv)  centrifugation. 
CSucrose: single-density sucrose (80%, wlv) centrifugation. 
d PercoIl: single-density two PercoU (70 and loo%, vfv),  centrifugations. 
We attempted to separate A- and B-type starch granule based on diierent 
sedimentation rates in maltose, sucrose, and Percoll solutions. Because maltose, sucrose, 
and Percoll solutions have higher densities than water, they may make the sedimentation 
rate difference between A- and B-type starch granuies large enough to separate the two 
types of starch granules. Thus, in the present study, centfigation through a single 
concentration of maltose or sucrose or through two concentrations of PercoU were 
employed. The B-type starch granule populations separated by these three methods 
contained 100% B-type starch granules (Table 3.1, Figure 3 . 1 4 ,  while only 
centrifugation through two Percoll concentrations yielded a homogeneous A-type starch 
granule population (Table 3.1, Figure 3-1 A). A-type starch granule populations fiom 
maltose or sucrose centrifbgation contained 8 -10 % B-type starch granules (Table 3.1). 
This is most likely due to the highly viscous soIutions of 80% (wlv) maltose and sucrose, 
which made some B-type starch granules stick to the M a c e  of A-type starch granules 
after centrifugation. Percoll is not sticky even at 100% (vlv) concentration. Thus, the 
separation of A- and B-type starch grslnules by centrihgation through two Percoll 
concentrations is compIete and is not affected by the shape and size of starch granules. 
3.4.2 Purifed A- and &type starch granules and their counterparts in mature 
wheat endosperm 
Although centrihgation through two PercoII concentrations produced purified A- 
and B-type starch granules, some starch granules (a mixture of A- and B-types) 
remained in the Percoll phase even after six cycles of centrifixgation through two Percoll 
concentrations. This gave rise to the question whether the purified A- and B-type starch 
granules actualIy represented their counterparts in the whole-starch granule popdation. 
Analysis and comparison of the starch granule size distributions in the whole starch 
granule population and the purified A- and B-type starch granule population were used 
to address this question. 
Starch granule sizes are usually measured by electrozoae, image analysis, or 
laser-based time of transition methods (Maningat et al., 1996). Harrigan (1997) found 
that using singage analysis to determine starch granule size could yield accurate and 
reproducible data. Thus, in this study, image analysis was used to determine wheat 
starch granule size distribution. Plotting the relative number of starch gmtdes against 
granule diameters showed that the whole starch granule population had a typical bimodal 
granute size distribution (Figure 3.I.C). The first peak was at 4 - 6 pn and represented 
B-type starch granules. The second peak was at 16 - 19 pn and represented A-type 
starch granules. If > 50% of the granules in the purified B-type starch granule ppdation 
are 4 - 6 pm in diameter and the diameters of most starch granuks in the purified A-type 
starch granule popuizltion are in the range of the second peak, then the purified B- and A- 
type starch granule populations can represent their counterparts in a mature wheat 
endosperm, Figure 3.1 .B showed that, in the purified B-type starch grande population, 
approximately 55% of the starch granules were 4 - 6 pm in diameter, and more than 
60% of the starch granules in the purified A-type starch granule population were 16 - 22 
pn in diameter. As expected, most starch granules retained in the PercoU phase were 
mixtures of A- and B-type starch granules, and ranged from 7 to 1 I in diameter (data 
not shown). These starch granules accounted for the diffetence bemeen A- and B-type 
starch granule peaks in the starch granule size-distribution curve of the wholestarch 
granule population (Figure 3.1 .C). 
Figure 3.1. Separation of A- and B-type starch granules. A. Purified large A-type starch 
granules (right) and small B-type starch p u l e s  (left) (Scale bar = LO p). B. Size- 
distribution curve of purified B-type starch granule populations; > 55% starch granules 
were 4 - 6 pn in diameter. In the purified A-type starch granule population, > 60% were 
16 - 22 pn in diameter. C. Sizedistribution curve of the wholestarch granule 
population. Two peaks appeared in the starch granule sizedistribution of whole starch 
granule population. The first peak (4 -6 p) represented B-type starch granules, and the 
second peak (16-19 p) represented A-type starch granules. 

3.4.3 Amylose concentration and gelatinization properties of wheat A- and B-type 
starch granules 
The characteristics of intact A- and B-type starch granules in mature wheat 
endosperm couId be estimated by analysis of the chemical composition and 
gelatinization properties of the purified A- and B-type starch granules. In this study, 
amylose concentration, and gelatinization temperature and enthaIpy were used to 
characterise A- and B-type starch granules. 
Purified A- and B-type starch granules were obtained fiom six wheat cultivars. 
The data in Table 3.2 show that A- and B-type starch granules had simiIar total starch 
concentrations but significantly different amylose concentrations. A-type starch granules 
contained 30 - 36% amylose, while B-type starch granules contained 24 -27% amylose. 
This observation was consistent with those previously reported (Seib, 1994). However. 
in this study, the range of differences (3 - 10%) in amyfose concentrations 5etween A- 
and B-type starch granules was much larger than those published previously (2 -3%). 
This is most Iikely due to the increased purity of the A- and B-type starch granule 
populations. In previous studies (EIiasson and Karlsson. 1983; Sodaka and Morrison, 
1985), A- and B-type starch granules were usually separated by sedimentation in a water 
column, therefore, the ptrrity was lower than in the present study. The second reason 
may be that, in the current study, amylose was determined using the procedure described 
by Gibson et al, (1997), which is a more precise method than other commonly used 
methods, such as the measurements of the iodine binding capacity of amyiose, or the 
separation of native arnylose and amy1opect.n by size excIusion chromatography 
(Gibson et a[., 1997). 
Table 33. Amylose concentrations and gelatinktion properties of purified wheat A- 
and B-type starch granules from six wheat cultivars 
Cultivars Amylose Starch Gelatinization by DSC 
(%I (%) To CC) Tp (OC) Tc (OC) A H (Jig) 
A-type 35.5 t 2.9' 92.1 k2.2 56.2 62.2 69.4 11.2 
CDC Teal 
6-type 26.4 t2.0 91.9 + 1.9 55.4 63.4 71.6 9.2 
AC Karma 
- 
A-type 34.1 f 2.9 91.3 + 1.9 54.2 61.3 71.0 10.4 
AC Crystal 
B-type 26.8 t 1.0 91.8 t 1.6 55.0 62.3 72.6 8.3 
* ~ e a n  t SE. Each d u e  was cdculated h m  three repeats. 
The gelatinization properties of wheat A- and B-type starch granules are usually 
measured by differential scanning calorimetry. It has been reported that A- and B-type 
starch granules have different gelatinization temperature regimes (Eliasson and 
Karisson, 1983; Soulaka and Morrison 1985). Compared with A-type starch granules, B- 
type granules started gelatinization at a Iower To, but had higher Tp and Tc (Seib, 1994). 
In this study. B- and A-type starch granules started their gelatinization at a similar 
temperature, while the TP and Tc temperatures of B-type starch granules were higher by 
1-2 OC than those of A-type starch granules (Table 3.2). This is consistent with the 
observations of Eliasson and Karlsson (1983) and Soulaka and Morrison (1985), but 
differed fiom the results of Ghiasi et al. (1982), who reported that A- and B-type starch 
granules had similar gelatinization temperature regimes. 
There are conflicting reports about the gelatinization enthalpy of wheat A- and 
B-type starch granules. Eliasson and Karlsson (1983) and Soulaka and Morrison (1985) 
reported that A-type starch granules had higher gelatinization enthalpy than B-type 
starch granules, while Stevens and Elton (1971) found the gelatinization enthalpies of 
wheat starch granules of different size classes to be simiiar. In contrast, Wootton and 
Bamunuarachchi (1979) reported that A-type starch granules had a lower gelatinization 
enthalpy than did B-type starch granules. From the measurements in this study, it was 
evident that the gelatinization enthdpy of A-type starch granules (10.0 - 12.2 Jlg) was 
higher than that of B-type starch granules (8.0 - 10.0 Yg). This was consistent with the 
resuIts fiom Eliasson and KarIsson (1983) and Soulaka and Morrison (1985). Imprecise 
measurements of the gelatinization enthdpy of A- and B-type starch granules were 
suggested as the cause of the conflicting reports (Soulaka and Morrison 1985). 
In summary, starch granules horn mature wheat endosperm have a typical 
bimodal granule size-distribution. The 6rst peak represents small, B-type starch 
granules, while the second represents large, A-type granules. Cenmgation through two 
Percoll concentrations completely separated A- and B-type starch granules, which were 
confirmed to represent their counterparts in mature wheat endosperm. The experimental 
results in this study demonstrated that A- and B-type starch granules have significantly 
different chemical composition and gelatinization properties, indicating that they may 
have distinct applications in food and non-food industries. 
CHAPTER 1 
STARCH BRANCHING ENZYMES PREFERENCWY ASSOCIATED WITH 
A-TYPE STARCEI GRANULES IN WAEAT ENDOSPERM 
4.1 Abstract 
Two starch granule-bound proteins (SGP), SGP-I40 and SGP-145. were 
preferentially associated with A-type starch granules (>I0 pm) in developing and mature 
wheat (Tritimm aesriwm L.) kerneIs. irnmunoblotting and N-terminal sequencing 
suggested that the two proteins were different variants of SBEIc. a 152 kDa isoform of 
wheat starch branching enzyme. Both SGP-I40 and SGP-I45 were localized to the 
endosperm starch granules, but were not found in the endosperm soluble fraction or 
pericarp starch granules younger than 15 days-post-anthesis (DPA). Small-size starch 
granules (40 pm) initiated before 15 DPA incorporated SGP-I40 and SGP-145 
throughout endosperm development and grew into fXl-size A-type starch granules (> I0 
pm). [n contrast small-size starch granules harvested after I5 DPA contained only low 
amounts of SGP-I40 and SGP-145 and developed mainly into B-type starch 'ranules 
( 4 0  p). PoIypeptides of simiIar mass and immuno[ogically related to SGP-140 andfor 
SGP-145 were aIso prefetentidy incorporated into A-type starch granules of barley 
(Hordarm vufgare L.), rye (Secale cereals L.) and triticale (X Tt-ificosecale Wittmack) 
endosperm, which like wheat endosperm have a bimodal starch granule size-distribution. 
4.2 Introduction 
Wheat, barley, rye and triticale mature endosperm contain large A-type and small 
B-type starch granules, thus showing a bimodal granule size distribution (French, 1984). 
In wheat, the large A-type starch granules are more than 10 p in diameter and lenticular 
in shape, whereas 6-type starch granules are less than 10 pm in diameter and roughly 
spherical (Evers, 1973). Wheat A- and 0-type starch granules have significantly different 
chemical compositions and functional properties (Seib, 1994), and therefore, the 
development of wheat cultivars with predominantIy A- or 8-type starch granules would 
be of value to the food and non-food industries. To produce such wheat cultivars. it is 
necessary to understand the ontogeny of A- and B-type starch granules during wheat 
endosperm development. 
Anatomical studies have revealed that A-type starch granules are initiated at 
about four to 14 DPA, during which the endosperm cells are actively dividing (Briarty et 
al. 1979: Parker 1985). On the other hand, B-me starch granules are initiated during the 
endosperm cell enIargement stage, which starts about 14 DPA and Iasts until the wheat 
grain is mature (Briarty et al. 1979; Parker 1985). This differential production of the two 
types of granules suggests that the biosynthesis of A- and B-type starch granules in wheat 
endosperm is deveiopmentaily regulated. 
Starch synthases (SS), starch branching enzymes (SBE) and starch debranching 
enzymes (DBE) participate in the biogenesis of pIant starch granuies (Ball et al. 1996: 
Preiss and Sivak, 1998)- Each of these starch biosynthetic enzymes exists in mdtiple 
i s o f o m  with different sub-cellular IocaIization in devebping wheat endosperm. Some 
i s o f o m  are localized in endosperm soIubIe fractons or starch granules, and some are 
present in both phases (Myers et al., 2000). Mutations inactivating any of these enzymes 
result in modification of starch structure, and sometimes also causes an altered starch 
granule morphology (Bhattacharyya et al., 1990; MouiIIe et al., 1996; Craig et d,. 1998; 
Edwards et al., 1999). One enzyme suggested to have a role in determination of granule 
size in barley is the soluble SS. A mutation at the barley shy tocus results in lower SSI 
activity and a concomitant reduction in the size of A-type starch granules, thus giving the 
appearance of a uni-modal granule size-distribution (Schuiman and Aho kas. 1990: 
Tyynelii and Schuiman, 1993; Tyynelii et al., 1995). No mutant with dtered starch 
granule size distribution, like shr endosperm in barley. has been reported in wheat. 
Among the SGP in wheat, several are IikeIy to be actively involved in the 
production of amyiose or mylopectin. The 60 kDa SGP. a granule-bound starch 
synthase (GBSSI). is required for synthesis of amylose (Shure et al., 1983). but GBSSI 
absence does not significantly &ect granule size or snucme (Fujita et al.. 1998). On the 
other hand. absence of granule-bound SSII has been reported to cause deformation of 
large granules and production of starch with increased capacity to bind iodine 
(Yamamori, 1998)- The major SGP in wheat starch range in size from 60 to 1 15 kDa 
(Rahman et d., 1995; Biga et al., 1999), but no significant difference in polypeptide 
profiles for these proteins extracted from A- and B-type starch granules has been found 
(Suiaiman and Morrison, 1990; Rahman et al., 1995). Recently, we isolated and 
characterized a cDNA encoding a novel SBEI, SBEIc. with predicted molecular mass of 
152 kDa (B5ga et al., 2000). SBEIc was found to be preferentialIy associated with starch 
g r a d e s  of the wheat endospem and corresponded to the 149 kDa SGP identified by 
SchofieId and Greenwell (1987). Here, we show that most hemptoid wheat starches 
contain two large SGP, SGP-140 (corresponding in mass to SBEIc) and SGP-145, that 
are preferentially incorporated into A-type starch granules. Polypeptides with masses 
similar to SGP-140 and SGP-145 were also present in other cereals showing a bimodai 
starch granule sizedistribution. The possible involvement of SGP-140 and SGP-I45 in 
the development of A-type starch granules is discussed. 
4.3 Materials and Methods 
13.1 Isolation of A-type and B-type starch granules 
Starch granules were isolated from mature endosperm of five hexaploid wheat 
cultivars (Tritimm aesrivum L. cv. CDC Teal, McKenzie. AC Karma, AC Crystal. and 
Fielder), one tetraploid wheat (Triticum rurgidum L. cv. Plenty) cultivar. 
barley(Hordeum vuigare L.), rye (Secale cereals L.), uiticale (X Triricosecule 
Wittmack), rice (Orpa sariva L.), maize (Zea mays L.), canary seed (Phalaris 
canariensis L.) and potato (Solanurn ruberosum L.) tubers as described (Peng et aI. 
1999). Pericarp and developing endosperm tissues were manualIy dissected from wheat 
(Triticum aesrivum L. cv. CDC Teal) kernels and immediately placed in extraction buffer 
5 (SO mM Tris-HCI, pH 7.5, I0 m M  EDTA, 5 mM DTT. 10% glycerol. 0.1% (w/v) 
polyvinyl pyrrolidone held at 4 '~ .  respectively. The pericarp fraction was washed three 
times with extraction buffer B to remove endosperm starch granules. Thereafler. the 
endosperm and pericarp fractions were homogenized with a mortar and pestIe in three 
volumes of extraction buffer B and filtered through four layers of Miracloth 
(Calbiochem) to remove cell debris. The crude starch granules fraction was pelleted by 
centrifugation at 15,000 x g for 30 rnin and W e r  purified as described (Peng, et al.. 
1999). The endosperm starch granules were then separated into large-size (diameter > 10 
p) and small-size (diameter 4 0  p) hctions by centrifugation through two Percoll 
solutions (Peng et al., 1999). Image analysis of each granule fraction was performed as 
described (Peng et al., 1999). 
13.2 Preparation of endosperm soluble fractions 
The supernatant remaining from centrihgation of the homogenized endosperrn 
(see above) constituted the endosperm soluble fraction. Protein concentration in the 
extract was determined using a dye-binding assay from Bio-Rad. For each endosperm 
fraction, the total amount of extracted soluble protein was determined. 
1.3.3 SDS-PAGE and immunoblot analysis 
To extract SGP. 50 mg starch granules were suspended in 350 pI extraction 
buffer A [62.5 mM Tris-HCI, pH 6.8. 10% (wlv) SDS. 5% (vlv) P-mercaptoethanol]. 
boiled for 15 min, cooled to room temperature, and centrifbged at 15.000 x g for 20 min. 
SDS-PAGE analysis of SGP was done on 10% resolving gels (30:0.135) and proteins 
were visualized by Coomassie blue staining andlor silver staining (BIO-RAD). For 
imrnunoblot analysis, the gel-separated proteins were electrophoretically transferred at 
4 ' ~  onto PVDF membranes (Millipore) using transfer buffer (25 m M  Tris-HCI. pH 8.3, 
192 rnM Glycine and 20% methanol). Membranes were incubated, for 1 h in TBS buffer 
(20 mM Tris-HC1, pH 7.5, 150 m M  NaCI) containing 3% (wlv) bovine serum albumin, 
to block nonspecific binding sites. Antibodies, at a dilution of 1:4000 in TBS buffer. 
were then added to the blot and incubated for 4 h at room temperature. Following three 
washes in TBS buffer containing 0.05% Tween 20 and one wash in TBS buffer. 
membranes were incubated with alkaline phosphatase-conjugated goat anti-rabbit IgG 
(Stratagene) at a dilution of 15000 for I h. Membranes were washed three times in TBS 
buffer containing 0.05% Tween 20, once in TBS buffer, and equilibrated in 20 mM Tris- 
HCI, pH 9.5, 100 mM NaCl, 5 mM MgC12. Immunoreactive bands were detected ~ l t h  4- 
nitro blue tetrazolium chloride and 5-bromo-4-chloro-3-indolyl phosphate (Stratagene). 
43.4 N-terminal sequencing of SGP-140 and SGP-145 
SGP were extracted From 10 g A-type starch granules of CDC Ted and resolved 
on preparative SDS-PAGE gels. The migration of SGP-140 and SGP-145 was 
determined by siIver staining a slice of the gel. The proteins were eluted From the 
unstained part of the gel using an electro-eluter (Model 422 Electro-Eluter. BIO-RAD) 
and elution buffer (25 rnM Tris, 192 m M  glycine, 0.1% SDS). The eluate was dialyzed 
for 8 h against 2 1 of dialysis buffer (50 m M  Tris-acetate, pH 6.8,5 mM D m ,  with one 
buffer change. The dialyzed solution was concentrated to 500 p1 through uluafiltration 
(Amicon too), and 200 pl of the concentrate was loaded on a preparative SDS-PAGE 
gel. Gel-separated proteins were blotted on a PVDF membrane, as described above. 
SGP-140 and SGP-145 were identified by arnido black staining and subjected to N- 
terminal sequencing using a gas-phase protein sequencer (Applied Biosystem Model 
476A). 
4.4 Results 
4.4.1 Identification of granule-bound proteins preferentially associated wish A-type 
starch granules in wheat endosperm 
To compare SGP Iocalized in A- and B-type starch granules, we purified the two 
granule k t i o n s  horn wheat endosperm of six wheat cultivars using a method 
previously reported (Peng et al., 1999). The extracted SGP were resolved by SDS-PAGE 
and visualized by siIver staining. To quantitatively compare the different polypeptides in 
A- and B-type starch granules, the 60 kDa GBSSI was used as an internal standard for 
equal loading of proteins. The major SGP of 60, 80, 92, 100, 108 and 115 kDa. were 
present in similar concentrations in A- and B-type starch granules from all the cuitivars 
tested (Fig 4.1), and no difference was observed among polypeptides with molecular 
masses Iower than 60 kDa (data not shown). These results were consistent with previous 
studies that reported almost identical polypeptide profiIes for wheat A- and B-type starch 
granules (Sulaiman and Morrison, I 990; Rahman et al., 1995). 
In addition to the major SGP. it was recently found that a novel SBEI isofom. SBEIc. 
migrating as a 140 kDa polypeptide on SDS-PAGE gels. was associated with starch 
granules of the cultivar Fielder (BAga et d., 2000). In this study, we observed that A-type 
starch granules of all wheat cultivars tested contained a polypeptide co-migrating with 
SBEIc (Fig 4.1). A slightly larger polypeptide. with an apparent mofecular mass of 145 
kDa, was also present in A-type starch granules of a11 cultivars except Fielder (Fig 4.1). 
Analysis of B-type starch grandes from the six wheat cultivars showed a much lower 
abundance of the I40 and 145 kDa poiypeptides as compared to the A-type ~sanules (Fig 
4.1). In the B-type granules of the cultivar Fielder. only the 140 kDa band was observed. 
as was found for the A-type granules of this cultivar. The Iower abundance of the 140 
and 145 kDa polypeptides in B-type starch granules suggested that SGP-I40 and SGP- 
145 are incorporated into B-type granules. albeit with much lower eficiency than into A- 
type granules. Alternatively, the B-type granules do not contain SGP-140 and SGP-145. 
and the weak bands we observed resulted &om contamination of B-type starch granules 
CDC Teal AC Crystal AC Karma Plenty Fielder McKenzie 
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Figure 4.1. SDS-PAGE analysis of SGP extracted from wheat A- and B-tvpe starch 
granules. Each lane was loaded with protein extract from 5 mg A- and B-type starch 
m u l e s  of five hexaploid and one tetraploid (Plenty) cultivar. Separated proteins were 
- 
visualized by silver staining and migration of protein molecular weight markers (Mr) is 
indicated to the right. 
with some small-size A-type starch granules. Nevertheless, the conclusion from our data 
was that the SGP-I40 and SGP-145 were preferentially associated with A-type starch 
granules. 
4.4.2 SGP-140 and SGP-I45 are preferentially incorporated into A-type starch 
granules throughout endosperm development 
[n devetoping wheat endosperm, A-type starch granules are initiated at about four 
to I4 DPA, whereas B-type granules are formed after 14 DPA (Briaq et al.. 1979; 
Parker, 1985). After initiation. both granule types continue to grow until maturity of the 
endosperm (Morrison and Gadan, 1987). An image analysis of purified large-size and 
small-size starch granule frictions from developing endosperm of the cultivar CDC Teal 
showed that the growth of small starch granules formed before and after 15 DPA was 
significantly different (Fig 4.2). Prior to 15 DPA, the newly formed smaIL starch granules 
grew rapidly in size to become large-size (>I0 pm) starch granules (Fig 4.2A). During 
the time period eight to 15 DPA. large-size starch granules accounted for more than 70% 
of total endosperm starch granules (Fig 4.2B). Small-size starch granules formed after 15 
DPA increased rapidly in number untiI maturity (from 25% to 94%). but they grew very 
stowly and only reached diameters less than I0 jm (Figs. 2A and 2B). 
The preferential incorporation of SGP-I 40 and SGP-145 into A-type granules 
could be explained by expression of these polypeptides only during the first 15 DFA. To 
test this hypothesis, we analyzed the protein profiles of large-size and small-size granules 
isoIated at different DPA (Fig 4.3). The large-size (>I0 p) A-type starch granules were 
found to show no variation in SGP-140 and SGP-145 concentration during development- 
Smd-size starch granules ( 4  0 pn in diameter) formed before 15 DPA, which were of 
5 DPA 8 DPA 10 DPA 15 DPA M DPA 
B 
Days post anthesis (DPA) 
Figure 4.2. Analysis of starch granule size distribution in wheat endosperm. A. Light 
microscopic pictures (500 x) of total starch granules harvested at different stages of 
endosperm development of the hexaploid wheat cdtivar CDC Ted. B. Histogram of 
small-size (< I0 pm) and Iarge-size (> 10 pm) p u l e  size distribution during wheat 
endosperm development. 
SGP tkom large-size starch granules 
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SGP tkom small-size starch granules 
Figure 5.3. SDS-PAGE analysis of SGP extracted Eom smalI-size (< 10 pm) and large- 
size (> I0 pm) starch granuIes of the hexaploid wheat cuItivar CDC Ted. Samples of 
SGP fiom 5 mg starch granules were Eom different stages of wheat endosperm 
development as indicated. Gel-separated proteins were visualized by siIver staining and 
migration of protein mo1ecuIa.r weight marker (Mr) is indicated to the right. 
the A-type, were also found to contain SGP-I40 and SGP-145 at about the same 
concentration as in large-size granules. On the other hand, small-size starch granules 
harvested after Is' DPA, which are mainly of B-type, showed very low presence of SGP- 
140 and SGP-145. The analyses demonstrated no significant variation in concentration of 
the other major granule-bound polypeptides (60.80, 92, 100, I08 and 115 kDa) for both 
small-size and large-size starch granules throughout endosperm development. tn the 
cultivar CDC Teal, most of the A-type granule growth occurred after 15 DPA. when 
about 65% (wlw) of the starch in A-type granules was synthesized. Thus, the constant 
abundance of SGP-140 and SGP-145 in A-type p u l e s  strongly suggested that the two 
proteins were continuously incorporated into A-type p u I e s  throughout endosperm 
development. 
4.43 SCP-140 and SCP-145 are immunologicaliy related to SBEI 
To confirm the identity of SGP-140 as a SBEI isofom in the cultivar CDC Teal 
and to possibly identify SGP-145. immunoblots of SGP from A- and B-type starch 
granules were reacted with polyclond antibodies raised against wheat SBEI. SBEII. SSI. 
SSII and GBSSI. respectively (Fig 4.4). The major polypeptides of 60 kDa (GBSSI). 80 
kDa (SSI), 92 kDa (SBED) and 100 to I 15 kDa (SSII), were recognized by their 
respective antibodies, as expected, with no difference in intensity between A-type and 8- 
type grandes (Fig 4.4). Among the five antibodies tested, onIy the wheat SBEI 
antibodies reacted with SGP-140 and were also found to recognize SGP-145. A weaker 
interaction between the SBEI antibodies and a protein co-mignting with SBEII and 
proteins of approximately 63 kDa were also seen. SimiIar to the analysis of SGP-I40 and 
SDS-PAGE u-SBEt a-SBEII u-SSE a-SSII a-GBSSI 
Figure 4.4. Lmmunoblot analysis of exacted SGP from wheat A- and B-type starch 
granules. Each lane was loaded with SGP extracted from 2 rng A- and B-type starch 
grandes harvested horn manue endosperm of the hexaploid wheat cultivar CDC Teal. 
To the left is shown SGP separated by SDS-PAGE and visualized by silver staining. To 
the right is shown irnmuno blot analyses of gel-separated SGP using pol yclonal ancisera 
prepared against different wheat starch biosynthetic enzymes as indicated. 
SGP-145 by SDS-PAGE, the immunoreactive bands were strong in A-type, but weak in 
B-type starch granules (Fig 4.4)). 
To compare SGP-140 and SGP-145, both protein bands were purified from SDS- 
PAGE gels and subjected to direct amino acid sequencing. The sequence information 
from this analysis suggested variation in amino acid sequence as indicated in TabIe 4.1. 
This is likely due to presence of several polypeptides that differ slightly in sequence 
within the same protein band as suggested by reverse transcription PCR analysis (BBga et 
al., 2000). Nevertheless, alignment of the determined N-termind sequences of the SGP- 
I40 and SGP-145 with those predicted for SBEIc and wSBELD2 revealed striking 
similarities, thus suggesting that all four polypeptides were closely related (Table 4.1). A 
lower level of similarity was noted to the predicted N-terminal sequence for the wheat 87 
kDa SBEIb isoform (Repellin et al., 1997). Since the molecuIar masses oFSGP-I40 and 
SGP-I45 were reasonably close to that of SBEIc (152 kDa) predicted from Sbelc cDNA. 
the data suggested that SGP-I 40 and SGP-145 were isoforms of SBEIc. 
4.4.4 SGP-140 and SGP-145 are endosperm starch granule-bound SBEI 
Sub-cellular localization of starch biosynthetic enzymes is of importance for 
understanding their function. To localize SGP-I40 and SGP-145 in the developing 
kernels, SGP tiom pericarp and endosperm starch granules, and the endosperm soIubIe 
hction were prepared from developing wheat kernels. and analyzed by SDS-PAGE and 
immunobiotting. The results of these andyses confirmed that SGP-140 and SGP-I45 
were present within the endosperm starch grandes, but could not be found in the 
endosperm soluble fraction (Fig 4.5). Nor were SGP-I40 and SGP-145 observed in 
pericarp starch granules harvested from 5 to 10 DPA, but could be seen as two very faint 
Table 4.1. Alignment o f  SGP-140 and SGP-145 N-terminal sequences to those 
predicted for wheat endosperm SBEI and SBEI-like proteins. 
Polypeptide Sequence 
SBEIc (152 kDa) A N 
--- 
Wheat wSBELD2 is a SBEI-like protein predicted to be produced in wheat endosperm 
(Ebhman et al. 1997), SBEIc is deduced from a wheat endosperm transcript (BQga et 4. 
accompanied manuscript) and SBE% is deduced N-terminal sequence of 87kDa SBEI 
expressed in wheat endosperm (Repellin et al. 1997). IdenticaI amino acids are 
highlighted. 
Pericarp starch granules Endosperm starch granules Endosperm soluble fractions 
Days Post hnthcsis A w e  
Figure 4.5. Sub-cellular localization of SGP-I40 and SGP-145 in immature wheat 
kernels. SDS-PAGE analysis of endosperm soluble hctions and SGP extracted from 
CDC Teal pericarp and endosperm starch granules. Samples were prepared tiom 
endosperm of different deveIoprnenta1 stages as indicated. Each lane was loaded with 
SGP from 5 mg starch granules. or 280 (10 DPA), 250 (IS DPA) or 250 (20 DPA) pg 
protein from endosperm soluble fractions. These soluble protein amounts corresponded 
to the same amount of endosperm containing 5 mg starch. Gel-separated proteins were 
visualized by silver staining (pericarp and endosperm starch andysis) or Coomassie blue 
staining (soluble endosperm analysis). Migration of moIecuIar weight marker (Mr) is 
shown to the right. BeIow is shown immunoreactive bands formed between gel- 
separated SGP-140 and SGP-I45 and wheat SBEI antiiodies. 
bands in pericarp granules of 15 DPA (Fig 4.5)- Since pericarp from kerneIs older than 
I5 DPA was rather difficult to separate from the endosperm, it is possible that the two 
faint bands seen in 15 DPA pericarp sample originated from some endosperm starch 
p u l e s  mixed with the pericarp starch granutes. 
4.45 SGP-140 and/or SGP-145 exist in plant species known to produce A- and B- 
type starch granules 
We extended the study of starch granule proteins to other plants than wheat to 
determine if any association could be found between the sizedistribution of granules 
produced and the presence of SGP-I40 and SGP-I45 homologs. This study included 
starches from plants with bimodal (rye, barley and triticale) and unimodd (rice. maize. 
potato, canary seed) starch granule size-distribution (French. 1 984). SDS-P AGE analysis 
of extracted SGP kom uiticale. barley and rye starch granules revealed one (barley and 
rye) or two protein bands (triticde) with similar relative mobility to SGP-140 and SGP- 
145 of wheat (Fig 4.6A). These protein bands were afso found to react with SBEI 
antibodies (Fig 4.6B), and thus appeared to be SGP-I40 and SGP-145 homologs. 
Analysis of SGP form starch granules of canary seed, rice, maize and potato tubers did 
not reveaI any presence of SGP similar in size to SGP140 and SGP-I45 and reacting 
with SBEI antibodies (Fig 4.6A and 4.6B). Thus, it appeared that proteins simiIar to 
SGP-140 and SGP-I45 were only present in cereal starches with bimodal granule size- 
distribution. 
To determine if the SGP-140 and SGP-145 counterparts in triticale, barley and 
rye were, like in wheat, preferentially associated with A-type starch granules. the A- and 
B-type starch grandes Erom these cereals were analyzed. Similar to wheat endosperm 
Figure 4.6. Analysis of SGP in starches from various plant sources. A. SDS-PAGE 
analysis of SGP extracted From 5 mg starch of: A-type starch granules from endosperm 
of triticale, wheat, barley and rye; total starch from endosperm of canary seed. rice and 
maize; and potato tubers. Proteins were visualized by silver staining. Migration of 
molecular weight marker (Mr) is shown to the right. B. Immunoblot anaiysis of gel- 
separated proteins shown above. Immunoreactive bands obtained from interaction 
between wheat SBEI polyclonal antibodies and SGP-140 and SGP-145 are indicated. C. 
SDS-PAGE analysis of extracted SGP h m  5 mg A- and B-type starches isolated from 
wheat, barley. rye and triticale endosperm. Proteins were visualized by silver staining. 
Migration of molecular weight marker (Mr) is shown to the right. 
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starch, the SGP-140 and SGP-145 homologs were abundant in A-type starch granules, 
but very scarce in B-type starch granules (Fig 4.6C). 
4.5 Discussion 
The biogenesis of starch granules in plant amyloplasts involves two successive 
steps: the formation of small starch granule nuclei, and the production of mature granules 
by apposition of starch molecules onto the nuclei (Badenhuizen, 1965; Shannon et al., 
1970). Thus, the biosynthesis of A- and B-type starch granules in developing wheat 
endosperm could be regulated at two stages. The first stage would be during the 
formation of the starch granule nuclei. Previous reports, and our data svongly suggest 
that one peak of granule nucleus formation occurs before IS DPA, and another occurs 
&er 15 DPA. The second stage of regulation could be during the development of the 
nuciei into A- and B-type granules. During this stage. the A-type granules are able to 
grow larger than 10 pn in diameter. and B-type granules lack this ability. 
Our results show that SGP-I40 and SGP-145 are preferentialIy found on both 
small-size and large-size A-type granuIes (Fig 4.3). No reduction was noted in SGP-I40 
and SGP-145 concentrations in large granules harvested after 15 DPA (Fig 4.1). a 
developmental stage when most of the A-type granule starch is being produced. This 
argued against SGP-I40 and SGP-145 being incorporated at a specific stage of A-type 
granule development, but rather, continuously targeted to A-type granules, even when B- 
type granules are produced. Since SGP-140 and SGP-145 did not accumulate in the 
soluble phase of the endosperm, these proteins must be actively produced both before 
and after 15 DPA. This was aIso indicated by RNA analysis of SGP-140 expression 
during kernel development, which showed only a small reduction in transcript levels 
after 15 DPA, as compared to before 15 DPA (BAga et a1.,2000). 
In developing wheat endosperm, oniy one A-type starch granule is produced in 
each arnyloplast (A-type amyloplast) from four to 14 DPA, a stage when the endospenn 
cells are dividing (Briarty et al., 1979). During the cell expansion stage of endospenn 
development (about 15 DPA to maturity), the B-type starch granules appear in the 
protrusions extending from A-type arnyloplast (Parker, 1985). The formation of A- and 
B-type starch granules at different locations could be the reason for preferential 
localization of SGP-140 and SGP-145 to A-type starch granules. 
SGP- I40 and SGP-145 were also found to be associated with A-type starch 
m u l e s  in the endosperm of barley, rye, and criticale. but no presence of similar 
polypeptides could be detected in the potato starch granules. which are also relatively 
large in size. These results suggest that SGP-140 and SGP-I45 homologs are not 
generalIy associated with large starch granules in plants. Furthermore. we were unable to 
detect SGP-I40 and SGP-145 in starch granules from endosperm of canary seed. rice and 
maize, which like potato starch granules, have a unimodal size distribution. These data 
suggest that the presence of SGP-140 and SGP-145 was related to the presence of A- and 
B-type starch granules in wheat, rye. barley and mticale. 
The amino-terminal sequencing and immunoblotting of SGP-140 and SGP-I45 
produced in the wheat cultivar CDC Teal. strongIy suggested that these poIypeptides are 
i sofom of SBEIc identified in the wheat cultivar Fielder (Bilga et al., 2000). Both SGP- 
I40 and SGP-145 were present in the endosperm starch granules and absent in the 
solubie fraction. Thus, SGP-140 and SGP-I45 differ in sub-cellular localization h m  the 
main isoforms of SBEI (87 to 88 kDa), which are primarily found in the soluble hction 
of the endosperm (Morel1 et at., 1997). The different locations of the 87 to 88 kDa SBEI 
and the much larger SGP-140 and SGP-145 may imply that the two classes of SBEI have 
different activities and functions in the wheat endosperm. It is possible that the 87 to 88 
kDa SBEI are hctional in the synthesis of amylopectin in the endosperm soluble 
tiaction, but become inactive when trapped within starch granules, like their counterparts 
in pea and maize (Denyer et al., f 993; Mu-Forster et al., 1996). In contrast, SGP-140 md 
SGP-145 may, like the exclusively pule-bound GBSSI, be primarily active only on 
polymers of the starch granule. Thus, it is conceivable that the amylopectin produced by 
the soluble 87-88 kDaa SBEI and SGP-I40 and SGP-145 may differ in structure. 
Since SS, SBE and DBE participate in the biogenesis of plant starch granules. we 
speculate that one or several isoforms of these enzymes are involved in the regulation of 
initiation and size growth of A- to B-type starch granules in the developing wheat 
endosperm. Identification of the SGP-140 (SBEIc) and SGP- 145 and their occurrence 
coinciding with A-type starch granules suggest that these proteins may play some role in 
the growth of small-sized A-type into Full-sized A-type starch granules. This role may be 
to regulate the amount and/or structure of amylopectin molecules formed in the small- 
size A-type starch granules, which allows the A-type granuIes to expand to a larger 
extent than the B-type granules. However, to test this theory further, characterization of 
SGP- 140 and SGP-145 isofonns and their action on glucan polymers is needed. 
CHAPTER 5. 
MOLECULAR CLONING AND CHARACTERIZATION OF STARCH 
SYNTHASE I IN WHEAT (TrXcum aestivum L) KERNELS. 
5.1 Abstract 
Two 111-length cDNA, wSsl-I and wSsl-11, encoding wheat starch synthase I 
(wSS1; E.C. 2.4.1.21) were isolated from a wheat endosperm cDNA library. DNA 
sequence analysis suggested that the isolated cDNA clones code for SSI. The translated 
amino acid sequences for wSsl-1 and wSsl-I1 predicted primary products of 647 amino 
acids, which shared 99.2% amino acid sequence identity. and a pre-protein with a 
molecular mass of 71 kDa. A 41 amino acid transit peptide was postulated to cleave 
from both the pre-proteins to give a mature polypeptide of 67 kDa. Expression of the 
wSsI cDNA, in a glycogen synthase deficient E-coli strain RH98, complemented its 
glycogen synthase deficiency, thus demonstrating it encoded a functional starch 
synthase. RNA gel-blot analysis revealed that wSsl transcripts were detected in leaf, 
stem. root, pre-anthesis floret, ovary and pollen. During endosperm development. a 
higher level of accumulation of ~ S s l  transcripts was observed at five - 10 days-post- 
anthesis (DPA) than at 15 - 25 DPA. The wSS1 is localized to both the endosperm 
soluble fnction and starch granules. However. during endosperm development. wSSI 
was present at a constant level in starch granules, but in endosperm soluble hctions, it 
was not detected at five DPA, and had highest concentrations fiom 10 to 15 DPA. On a 
per kernel basis, wSSI had similar concentrations h m  15 to 25 DPA, but starch 
granules had considerabiy higher concentrations than did endospenn soluble hctions. 
This uneven distribution of wSSI was more prominent at the later stages of  endosperm 
development_ 
5.2 Introduction 
Starch the major storage compound in cereal endospenn, is composed of two 
distinct types of glucose polymers, amylose and mylopectin. Starch synthases (SS; E.C. 
2.4.1.21) catalyze the elongation of a(l-4) linked glucan chains in amylose and 
amylopectin by the addition of the glucosyl moiety fiom adenosine diphosphate glucose 
(ADP-Glc). PIant storage organs contain multiple isoforms of SS. Based on their 
primary amino acid sequence similarities, the SS isoforms identified so far can be 
grouped into four classes: granuie-bound starch synthase I (GBSSI), SSI, SSII and SSIII 
(Cao et al., 1999; Li et al., 1999b). 
Genetic and biochemical analyses suggest that individual SS isoforms have 
unique roles in starch synthesis. Mutations in the waxy locus aboIish GBSSI activity. and 
coincidentally result in a dramatically reduced amount of. or lack of. amylose in starch 
granules, indicating that GBSSI is responsible for amylose synthesis (for review, see 
Preiss and Sivak, 1998). SSI. SSII and SSllI are presumably involved in amylopectin 
synthesis in conjunction with starch branching enzyme and debranching enzyme (Myers 
et al., 2000). For example, mutations in the pea rug5 locus eliminate SSII, and result in 
amylopectin that is enriched in short chains with a degree of poIymerization (dp) of 7 - 9 
and very long chains (> dp I OOO), but is deficient in chains of intermediate length (dp 15 
- 45) (Craig et al., 1998). In sta3 mutants of C. reinhardtii, the activity of a 115 kDa 
soIuble SS is absent, and the amylopectin has a higher number of short chains (dp 2-7) 
and fewer chains of intermediate length, than that in the wild-type (Fontaim er d., 
1993). The dul mutants produce a more highly-branched mylopectin and accumulate 
15% of starch as intermediate material (Wang et at., 1993). These studies suggest that 
different SS isoforms make specific contributions to mylopectin synthesis. 
[n wheat endosperm, four SS isoforms have been reported, including GBSSI 
(Nakamura et al.. 1995), SS[ (Li et al., I999a), SSlI (Li et d., 1999b; Gao and Chibbar, 
3,000) and SSIII (Li et al., 1999a). Following the nomenc~ature suggested by Knight et 
al. (1998), the four SS isofonns of wheat are referred to as tvGBSS1. wSSI. wSSII and 
wSSIII. respectivefy. As in other plant species. wGBSSI is exciusively starch granule- 
bound. and it is responsible for amyIose synthesis (Nakamura et al.. 1995). wSSI1 is 
present both in endosperm soluble fractions and within starch granules at the eariy stage 
of wheat endosperm development, but becomes exclusively pule-bound at mid and 
late stages (Li et d.. 1999b). The absence of wSSII in wheat endosperm was reported to 
result in the deformation of large starch granules and the production of a novel starch 
with increased iodine binding capacity (Yamamori. 1998). wSSI is localized both in 
starch granules and soluble Fractions in wheat endosperm (Denyer et d.. 1995; Li et id., 
1999a). Yamamori and Endo (1996) separated wSSI into three isoforms through two- 
dimensionai polyacrytamide gel electrophoresis (PAGE), and confirmed the three wSSI 
isofoms were encoded at [oci on the short arms of chromosomes TB, 7D and 7A. 
Recently, a cDNA clone, and a corresponding genomic DNA done comspondiig to 
75kDa wSS1 were isoIated h m  wheat D genome (Li et at.. 1999a). To date, wSSIII has 
only been identified as a soluble SS activity in wheat endosperm by the native PAGE gel 
analysis (Li et al., 1999a). 
In potato tubers, SSII and SSIII have been shown to account for approximately 
10- 15% and 80% of the total starch synthase activity, respectively (Edwards et d.. 1995: 
Marshall et al., 1996). Antisense inhibition of potato SSII produces little effect on the 
structure of starch and the morphology of starch granules. In contrast, reduction of SSIII 
activity to very low levels by expression of antisense FWA causes a serious disruption of 
starch granule morphology and dramatic alterations of amylopectin structure (Edwards 
et al., 1999). In wheat endosperm. although multiple SS isoforms have been identified. 
their relative contributions to the soluble SS activity have not been determined. Denyer 
et al. (1995) analyzed wheat SS isoforms partially purified by anion exchange 
chromatography, and reported that the major soluble SS was an unidentified SS isoform. 
More recently, Li et al. (1999a) separated multiple wheat soluble SS isoforms by native 
PAGE, and proposed that wSSI tvas the major soluble SS. 
In this study, we describe the isolation of two cDNA clones encoding wSSl in 
wheat endosperm. RNA gel blot analysis showed that the expression and localization of 
wSSI in wheat endosperm varies with developmental stage, which extends the previous 
observations that wSS1 is present both in starch granules and soluble phase (Denyer et 
al., 1995; Li et al., 1999a). 
5 3  Materials and Methods 
53.1 Materials 
Plants of hexaploid wheat (Triticum aestivum L.) cultivar CDC Teal were grown 
in a greenhouse with controlled environmental conditions (25 OC day 1 20 OC night, with 
supplementary light provided 16 h per day). Liquid fertilizer (20 N: 20 P: 20 K) was 
applied weekly to plants, Leaves, stems, roots, ovaries, pollen and florets were collected 
prior to anthesis. Immature kernels were harvested at 5, 10, 15, 20 and 25 days-post- 
anthesis (DPA). All the samples were Frozen immediately in liquid nitrogen. and stored 
at -80 OC until use. 
5.33 Preparation of starch granulebound proteins and endosperm soluble 
fractions 
Starch granule-bound proteins (SGP) and endosperm soluble fractions were 
prepared from frozen wheat kernels, as described by Peng et al. (2000). Protein 
concentrations in endosperm soluble fractions were determined using a dye binding 
assay kit fiom Bio-Rad. 
5 3 3  Preparation of wSSI antibodies 
The wSSI for producing antibodies was isolated from wheat starch gnnuIes. The 
SGP extracted fiom starch granules isolated fiom mature kernels of wheat (cv CDC 
Ted) were resoived on SDS-PAGE as described (Peng et al., 2000), and visualized by 
Coomassie blue staining. The SDS-PAGE gel strips with wSS1 identified based on its 
migration on SDS-PAGE @enyer et aL.1995; Li et d.. I999a) were excised. 
lyophilized. ground into powder. injected into a cereal-starved rabbit and anti-serum was 
prepared as described (Biga et al., 2000). The homogeneity of the isolated wSSI was 
verified by SDS-PAGE analysis. 
53.4 Analytical procedures 
Immuno blot analysis 
Both SGP and endosperm soluble fractions were subjected to SDS-PAGE and 
immunoblot analysis, using the method of Peng et al. (2000). All the immunoblots were 
incubated with the wSSI antibody at a dilution of 1:8000 for 3 h and the immunoreactive 
bands were identified by chemical staining with 5-bromo-4-chloro-3-indolyl phosphate 
and Cnitro blue tetrazolium (Stratagene) following the supplier's instructions. 
Immunoprecipita t ion 
Endosperm soiuble fractions (100 pg proteins) were incubated on ice with 0.5 to 
4 pL. wSSI antiserum or pre-immune serum at a final volume of 50 jL for 1 h with 
gentle shaking. Fifty microliters of 10% (w/v) protein A-Sepharose CL-JB (Sigma) was 
added. and then the samples were incubated on ice for 1 h with gentle shaking, followed 
by centrifugation at 10.000 x g for 10 min. The supernatant (2.5 pL) was assayed for 
starch synthase activity (see below), or subjected to immunoblot analysis. The pellet was 
washed three times in homogenization buffer (50 mM Tris-HC1. pH 7.5. 10 rnM EDTA. 
5 mM DTT, 10% glycerol, 0,1% ( d v )  polyvinyl pyrrolidone), prior to immunobiot 
analysis of the precipitated proteins. 
Soluble starch synthase assay 
Starch synthase activity was assayed essentially as described by PolIock and 
Preiss (1980). Assay mixtures (I00 pi) contained 100 m M  BicineNaOH. pH 8.0. 5 mM 
EDTA, 0.5 M sodium citrate, 0.5 mg rnL-' BSA, I0 mg., m ~ - '  glycogen, 0.7 mM ADP- 
[ ' k l ~ l c  (500 cpm/nmol), and varying amounts of endosperm soluble fractions. 
Reactions were initiated by the addition of the radioactive ADP-Glc. incubated at 3 0 ' ~  
for 30 min, and terminated by spotting the aliquots onto GFJA glass fiber filters (Fisher), 
which were dried under a heat lamp. The filters were washed once in cold 66% ethanot 
containing 0.85 m M  EDTA, once in 66% ethanol, and W l y  once in 70% ethanol. 
Preiiminary experiments demonstrated that the amount of '?-glucose incorporation into 
ethanol-insoluble product was [inear with the amount of ceiIuIar proteins used in the 
assay. 
Zymogram analysis 
Zymogram anaIysis was carried out according to Buleon et al. (1993, with some 
modifications. SGP and endosperm soluble fractions were resolved by SDS-PAGE 
(10%. 50:O. 1 3 5 acry lamidehisacry Iamide), containing 0.3% rabbit muscIe glycogen 
(Sigma). The gel was washed four times for 30 min each in 0.04 M Tris. and then 
incubated in reaction buffer (50 m M  Tris-HC1, pH 9.0, I00 rnM (NHJ~SOJ, 15 m M  P- 
mercaptoethanoi. 5 mM M3C12, 05 m&mL BSA and 4 m M  ADP-Glc) for 36 h at room 
temperature. Subsequently, the gel was washed in water twice for 30 min. and stained 
w i h  an iodine soIution (0.25% KI and 0.025% Iz). 
5.3.5 Isolation and expression of wSsl cDNA clones 
PCR ampl@cation of a cDNAjPagment of whear SsI 
To amplify a cDNA hgment of wheat Ssl (wSsT), degenerate oligonucleotide 
primers were derived From the most highly conserved regions in maize Ssl (Genebank 
accession number: AFO3689 1 ) and rice Ssl (Genebank accession number, D 1 6202): Ssl / 
forward, 5'-GGGAGGATATA'ITICTATGGA-3'; SsI 1 reverse. jl- 
CAAGGTTCGAATCTGGATGGCA-3'. PCR mixtures with two pl aiiquot of a wheat 
cDNA Library (2 x 107 PWpl, see below) were assembled in a 50 pl reaction mixture 
containing 100 mM Tris-HCl, pH 9.1, 15 mM MgC12, 250 mM KCI, 200 ph4 dNTP and 
I0  pmol of the two oligonucleotide primers. The reaction was initiated with a denaturing 
step at 96 OC for l5 mie followed by one cycle of 94% for 4 min (with one unit Taq 
DNA polymerase added at the end); 40 cycles of 3 ' 5 ' ~  for 1 min. 72'~ for 2 min, and 
9 4 ' ~  for 1 min; one cycle of 5 5 ' ~  for 4 min and 72'~  for 7 min. A 816-bp fragment 
was amplified, and designated as wSsIp. 
Library screening. DNA sequencing and analysis 
The wheat cDNA Library used in this study was constructed in the vector 1-ZAP. 
using mRNA isolated from 12 DPA wheat (Triricum aesrivum cv. Fielder) kernels (Nair 
et al., 1997). The PCR amplified DNA fragment. r W p ,  was labeled with ["PI~cTP by 
random-priming, and used as probe to screen the wheat cDNA libnry. At1 phage lift 
membranes were hybridized and washed under high saingency conditions. as described 
by Church and Gilbert (1984). DNA from positive plaques was sequenced as described 
by Nair et al. (1997). The nucleotide sequences and deduced amino acid sequences were 
analyzed using the Lasergene biocomputer s o h  (DNASTAR). 
Consm~crion of wSsI qression vectors 
The SSI prokaryotic expression vectors were conmcted in two steps. First. the 
cDNA encoding the mature wSSI was isolated h m  wSSI-pBluescript SK pIasrnid with 
restriction enzymes PspOtM I and Xho I at the 5' and 3'4ennini. respectively. PspOtM 
and Not I produce compatible ends thus. the isolated cDNA was subcloned to the ?lor 
VX720 I sites of the expression vector PET-28(a) (Novagen) to give the construct pPM1- 
The gene construct, pPMI , was amplified in BL2I@E3) ceUs (Novagen). 
For the second expression vector, a gene encoding mature wSSI was excised 
fiom pPMl with restriction enzymes EcoR I at the 5'-terninus and partially digested with 
limited amounts of Psf I to produce DNA fragments with hvo variants at the 3'-terminus. 
The DNA fragment with the complete cDNA was subcloned into the EcoR YPst I sites 
of the expression vector pKK.388-I (CLONTECH) to give the wSS1 expression vector 
designated as pPM2 The partial Pst 1 digestion also produced a truncated wSsI cDNA, 
which encodes a product with 120 amino acids deleted tiom the C-terminus of wSS1. 
The truncated wSsI cDNA was subcloned into the EcoR IIPst I sites of the expression 
vector pKK388- 1, to give the wSs 1 expression vector pPM3. 
Erpression of rvSsI in Ecoli 
Expression vectors pPM2 and pPM3 were transformed into E-coli. RH98. a 
glycogen synthase (glg4)-deficient mutant An overnight culture of RH98/pPM2 and 
RH98ipPM3 cells was diluted 120 (vh) in fresh LB containing 100 pg/rnl arnpicih. 
The cells were grown at 3 7 ' ~  with shaking to an A600 of 0.6, followed by induction of 
wSsI expression by the addition of isopropyl-D-thiogalactoside (IPTG) to a final 
concentration of 1 mM. Following growth at 25'~ for 5 h, the cells were pelleted, 
suspended in lysis buffer (50 mM Tris-acetate, pH 7.5. I0 rnM EDTA and 5 mM DI7-l. 
and Lysed by sonication. The homogenate was centrifuged at 10.000 g for I0 min. The 
supernatant was used for SS activity assay and irnmunoblot analysis (see Analytical 
Procedure). 
Compiementation of E.coli mutant RH98 
To test for complementation of gIycogen synthase deficiency in RH98 by wSSI, 
RH98lpPM2, RH98lpPM3, RH98lpKK388-I and wiId type E-coli strain jM I0 1 were 
grown on an enriched medium [0.85% (wlv) K.H2P04, 1.1% (wh) KH2P04, pH 7.0, 
0.6% (wlv) yeast extract, 1% (wfv) glucose, 100 pg/ml ampicillin, and 1.5% (w/v) agar], 
and grown under inductive conditions (0.1 M IPTG). Following growth at 3 7 ' ~  for 20 
h, cells were stained with an iodine solution (0.03 M Iz, 0.04 M KI). 
5.3.6 RNA extraction and expression analysis of wSsI in wheat 
Total RNA was extracted from fiozen wheat tissues using a phenoYchIoroform 
method, as described by Wilkins and Smart (1996), with some modifications. Wheat 
tissues (1-3 g). including leaves, stems, roots. florets prior to anthesis. ovaries. pollen 
and immature kernels were ground in liquid nitrogen, and suspended in IS ml extraction 
buffer (50 mM Tris-HC1. pH 9.0. 150 mM LiCI. 5 mM EDTA. 100 mM P- 
mercaptoethanol. 5% SDS). The slurry was extracted in I5 ml phenoVchioroforrn ( 1 : 1. 
V/V) for 5 min, and centrifuged at 2000 x g for IS min. The aqueous phase was re- 
extracted twice with phenol/chlorofonn. The RNA and DNA mixture was precipitated 
with 0.1 volume 3 M sodium acetate (pH 5.2) and I volume isopropanol at - 2 0 ' ~  for 2 
h. Following centrifugation at 13.000 x g at 4 ' ~  for 30 rnin. the pellet was dissolved in 5 
rnl DEPC-treated water and 5 ml 4 M LiCl, then kept at JOC for 1 h. The RNA was 
pelleted by centrifugation at 13,000 x g for 30 rnin, rinsed twice in 70% ethanoi. air- 
dried and dissolved in DEPC-treated water. TotaI RNA (10 pg) was denatured. and 
resolved by 1.2% (wlv) agarose-formaldehyde electrophoresis. transferred to a Hybond 
N' membrane (Arnersharn), and hybridized with radioactive-labeled ~vSslp. as described 
(Gao a al., 1996). 
5.4 Results 
5.4.1 Isolation of wSsl cDNA clones 
To obtain a wSsI cDNA fragment for screening the wheat cDNA library, a pair of 
oligonucleotide primers was designed based on the nucleotide sequences conserved 
between maize and rice SsI cDNA. A single 8 17-bp cDNA fragment was amplified From 
a wheat cDNA library by PCR This PCR-amplified cDNA fragment, wSsIp. showed 
87% and 87.5% sequence similarity to the corresponding region in maize and rice Ssl 
cDNA. respectively. 
Screening of a wheat cDNA library (6.0 x 10' ph)  resulted in the isolation of six 
clones which were characterized by restriction digestion analysis and DNA sequencing. 
Based on the nucleotide sequence simiIarity the s k  clones could be divided into two 
groups of three clones each. The longest cDNA clone (2575 bp) tkom group 1. referred 
as wSsI-I. contained an open reading h e  of 1943 bp. which was flanked by 5' and 3' 
untranslated regions of 222 and 409 nucleotides. respectively. A short sequence 
(AATAAG) closely similar to the consensus higher plant poiyadenylation signal was 
present at nucleotide 2285. The open reading h e  encoded a 647-amino acid 
potypeptide starting at nucIeotide 223 and ending at nucleotide 2166. The longest cDNA 
clone (2421 bp) from group 2, designated as wSsI-II. had an open reading frame of 1943 
bp (from nucleotide L27 to 2070) flanked by a 5' untranslated sequence of 126 bp and a 
3'-region of 351 bp. The putative polyadenytation signal (AATAAG) was located at 
nucIeotide 2290. The open reading h e  predicted an 647-amino acid polypeptide. 
wSSI-II. Both wSSI-I and wSS1-II had a caIcuIated molecular mass was 71 kDa The 
polypeptide, wSSI-I. is identical to the wSS1 encoded by wheat D genome (Genebank 
Figure 5.1. Comparison of deduced amino acid sequences of wSS1 &om wSsI-I (Li et 
al., I999a; this paper) and wSsI-II cDNA (this paper) with maize SSI (Knight et al., 
1998) and rice SSI (Baba et al., 1993). Transit peptide sequences are highlighted. 
Identical amino acids among these sequences are indicated with an asterisk. Dashes (-) 
represent gaps added to optimize sequence alignment. 
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accession number: M098103) (Li et al., 1999a) except one amino acid difference at 
position 321, where leucine is repiaced by valine. However, at this position, d i n e  is 
present in wSSI-II (see below), maize and rice SSI (Figure 5.1). 
wSSI-I and wSSI-I1 shared 99.2% identity, with variation at four positions, 
amino acids 39, 130, 13 1 and 198 in their deduced amino acid sequences (Figure 5.1). At 
the nucleotide level, wSsI-I and wSsl-[I have 98.1% sequence similarity, and there is 
only a two-nucleotide direrence between wSsl-[ and wSsl reported by Li et a!. (1 999a) 
(data not shown). Comparison of amino acid sequences fiom maize SSI (Genebank 
accession number: AFO3689 I), rice SSI (Genebank accession number: D 16202). wSSI-I 
and wSSI-I1 showed that there was very high similarity among the four SSI amino acid 
sequences, ranging fiom 75.9% to 79.7% (Figure 5.1). 
Because wSSI is localized to amyloplast. therefore. a transit peptide is expected 
to be present in wSSI pre-protein. Comparing the N-termial sequence of wSS1 reported 
by Rahman et al. (1995) with the deduced arnino acid sequences of wSSI-I and wSSI-I1 
showed that the fust 41 amino acids in wSSI-I and wSSI-II sequences composed their 
transit peptides, which shared 30.8% and 27.2% arnino aicd sequence simiIarity with 
those of maize SSI and rice SSI. F d e r ,  the position of transit peptide cIeavage sites in 
wSSI-I and wSSI-II is similar to that in maize SSI (Knight et al.. 1998) and rice SSI 
(Baba et al.. 1993) (Figure 5.1). The NSSI transit peptide cleavage site (v5-A-R$G) 
does not complete[y match with the consensus cleavage site (v/L-X-A/C&A) for 
chIoropIast transit peptides (Gavel and von Heijne, 1990). However. the wSSI transit 
peptide consists of very few acidic, but many hydroxylated amino acids being rich in 
arginine through amino acid -I to -10 at the transit peptide cleavage site, characteristic 
features of a transit peptide, and does have vdine at amino acid -3 of the cieavage site 
(Gavel and von Heijne, 1990). Both mature wSSI-1 and wSSI-[I had a calculated 
molecular mass of 67 kDa. 
5.53 wSs1 cDNA encodes an active starch synthase 
To verify that the isolated wSsl cDNA clone encodes an active SS. expression 
vectors containing ~ S s l  cDNA and a variant with C-terminal deletion were constructed, 
and introduced separately into a gIycogen synthase deficient mutant of Eooli, RH98. 
Immunoblot analysis (Figure 52A) showed that expression of ~ v S s i  cDNA in RH98 
produced a protein, with a molecular mass of 80 kDa, but it was recognized by the wSSI 
antibody produced in rabbits immunized with the 75 kDa wSSt from starch granules. 
The C-terminal truncated wSsl cDNA produced a polypeptide with a molecular mass of 
70 kDs which was also recognized by wSSI antibody. As expected, the wSS[ antibody 
did not recognize any protein in the RH98fpKK388-1 lysate. 
The bacterial cell extracts harboring the vector with no cDNA (RH98IpKK388-1) 
or the truncated wSsl cDNA (RH98jpPM3) resulted in no detectable SS activity (Figure 
5-28). The expression of wSsl cDNA in RH98 (RH98lpPM.2) resulted in the production 
of seven-fold higher SS activity as compared to an E-coli strain JMIOI. which is wild- 
type for SS activity. These observations were further confirmed by iodine staining of 
glycogen (Figure 5.2C). E m l i  JMlOl and RH98/pPM2 possess glycogen and starch 
synthase activity, respectiveIy, stained red when treated with iodine, In contrast. 
RH98lpKK388-1 and RH98lpPM3, which did not exhibit any starch synthase activity, 
remained coIorIess when stained with iodine, because the two strains did not synthesize 
glycogen (Figure 5.2C). 
Figure 5.2. Expression of wSsI cDNA in E.coli strain RH98. A. tmmunoblot analysis of 
recombinant wSSI produced in E.coli. Total cell exmcts (50 pg proteins) harboring the 
indicated plasmids were andyzed by SDS-PAGE. Lane 1, RH98lpKK388-1: Lane 2, 
RH981pPM3; Lane3, RH981pPW: Lane 4. proteins from wheat starch granules (0.5 
mg). The irnrnunoblot analysis was done with antibodies against wheat SSI. Migration 
of marker proteins is indicated on the left-hand side. B. Aanlysis of starch synthase (SS) 
activity in E.coli cell extracts. Total cell extracts (2.5 pg proteins) from IPTG-induced 
E.coli cells of the indicated genotypes were assayed for SS activity (Pollock and Preiss. 
1980). Values represent the avenge enzyme activity f SD, were determined from four 
independent replications. C. Complementation of the gIycogen synthase activity in 
E.coli strain RH98 I. GIycogen synthase producing strain JM 10 l/pBluscript SK: 11. 
RH98lpPM2; III. RH98/pPM3; N. RH981pBluscript SK. 
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5.43 Contribution of wSSI to the totd soiubk starch synthase activity in wheat 
endosperm 
Endosperm soluble bctions prepared from 13-17 DPA kernels were used in 
immuno-precipitation experiments to assess the contribution of soluble wSS1 to the total 
soluble SS activity in wheat endosperm. The antibody-protein complex was precipitated 
from the endosperm soluble tiactions incubated with preimrnune or anti-wSSI serum. 
Incubation with pre-immune serum did not affect the SS activity in the supernatants after 
immuno-precipitation, whereas wSSI antibody reduced starch synthase activity 
significantly (Figure 5.3A). The maximum inhibition of SS activity was approximately 
65% when 3 p1 or more wSSI immune serum was added to the immuno-precipitation 
reaction mixture. tmrnunoblot analysis of huno-precipitates and supernatants showed 
that the antibody dosage-dependent removal of wSSI From endosperm soluble fractions 
(Figure 5.3B) correlated closeiy with the inhibition of SS activity in imrnuno- 
precipitation mixture supernatants. The wSS I antibody did not recognize any other 
polypeptides in the imrnuno-precipitates or the supernatant of the imrnuno-precipitation 
reaction mixtures (Figure 5.3B). 
5.4.4 RNA gel blot analysis of Icrssf in wheat 
The expression of ~ S s l  in various tissues of wheat cv. CDC Teal was 
investigated by RNA gel blot analysis using wSdp as the probe. As shown in Figure 
5.4A, a singIe transcript of about 2.6 kb was detected in endosperm, leaf, stem. root. pre- 
anthesis floret, po1Ien and ovary. A single transcript of about 2.6 kb was also observed 
throughout endosperm development, and the accumulation of ~ S s l  transcripts was 
higher at five-10 DPA than at 15-25 DPA (Figure 5.4B). These results are in contrast to 
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Figure 5.3. Immunoprecipitation of wSSI activity from wheat endosperm soluble 
hction with wSSI antibody. A. Assay for remaining SS acitivity in the immuno- 
precipitation mixture supernatant. Remaining SS activity was expressed as a per- 
centage of that after the incubation of endosperm soluble Fraction with preirnmune 
serum. Values represent the means t SD of three replications. B. [mmunological 
detection of wSSI in the supernatant and immune complexes. 
Figure 5.4. Detection of wSsl transcript in wheat by northern blotting. A. Expression of 
wSsI in different tissues, including endosperm (15 DPA). led. stem. pre-anthesis tloret. 
root. pollen and overy. Ten pg of total cellular RNA was Ioaded per lane. B. Expression 
of wSsl in developing wheat kernels. Each Iane was loaded with ten pg of total cellular 
RNA. 
an earlier report in which wSsl transcripts were detected only in the endospenn, and the 
wSsI transcripts accumulated at higher level fiom eight- 18 DPA, then decreased with 
kernel development (Li et al,, 1999a). 
5.45 Localization of wSSI in wheat endosperm 
To determine the sub-cellular localization of wSST in wheat endospenn, soluble 
&actions and SGP were extracted h m  bulked wheat endospenn and subjected to SDS- 
PAGE separation and imrnunoblot andysis (Figure 5.5A). In starch granules, wSSI was 
present at ahnost similar levels throughout endosperm development. whereas in 
endosperm soluble fractions, it was detected only during 10 to 25 DPA. This result is 
consistent with previous reports that wSSi is localized both in endosperm soluble 
fractions and starch granules (Rahrnan et d.. 1995; Denyer et al.. 1995; Li et al.. 1999a). 
However. in this study, we found that the presence of wSSI in endosperm so1ubIe 
Fractions varied with the endospenn development stage. At five DPA. the endosperm 
soluble fractions, wSSt was not detected, but at 10 and 15 DPA, very high 
concentrations of wSS1 was observed by immunoblot analysis. After 20 DPA. the 
concentrations of wSS1 decreased with the kernel development (Figure 5.5A). 
Zymogram anaiysis was done on SDS-PAGE separated proteins. which were 
subsequently renatured in gels, to dlow for detection of enzyme activities. Endosperm 
soluble fractions and SGP extracted from single developing wheat kernels were 
subjected to zymognm analysis. A considerably higher wSS1 activity was detected in 
starch granules than in endosperm soiuble fractions (Figure 5.3%). With the development 
of wheat endocem, the yieId of starch granules per kernel increased (Peng et al.. 2000), 
and this uneven distribution of wSS1 in the two phases became more pronounced. In 
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Figure 5. 5. Analysis of the localization and expression of wSSI in developing wheat 
endosperm. A. hmunologicd detection of wSSI. Each lane was Ioaded with 50 pg 
proteins from endosperm soluble tiactions or the protein e.wacred From 0.5 mg starch 
granules. B. Zymogram analysis of SS activity in single wheat kernels. Each lane in 
Soluble frictions contained ail soluble proteins from a single kernel. Lanes in SGP were 
loaded with SGP h m  %. % % and 54 of a singke kernel of 10.15.20 and 25 DPA, 
endosperm soluble fractions, wSSI concentration was Low at I0 DPA, and then increased 
and stayed at an almost constant level horn 15 to 25 DPA (Figure 5.5B). 
5.5 Discussion 
[n this study, we isolated two fuil-length cDNA clones, wSsI4 and wSsI-II, and 
demonstrated that they encode active SS when expressed in E-coCi. The high level of 
amino acid sequence similarity (>80%) between wSSI, maize SSI and rice SSI (Figure 
5.1), suggest that SSI in different cereds could be encoded by homoIogous genes. 
However, the genes encoding SSI in wheat, rice and maize show differences in tissue- 
specific and ternpod expression (Knight et al., 1998; Baba et d.. 1993: Li et d.. 1999a). 
Maize Ssl transcripts are specifically accumulated in the endosperm From 15 to 35 DPA 
(Knight et al., 1998), whereas in rice. SsI transcripts are observed in seeds From five to 
20 DPA and also in Ieaves (Baba et al., 1993). [n wheat, Li et al. (1999a) showed the 
expression of Ssl only in endosperm, but codd not detect it in Ieaves, pre-anthesis florets 
and endosperms from field grown wheat (cv. Rosella) plants. They also reported that in 
wheat (cv Gabo), which was grown under controlled environmental conditions. the wSsI 
transcript accumulation in endosperms peaked between eight to I8 DPA. then decreased 
as the kernel matured. In our study, of wheat cv. CDC Ted grown in a greenhouse under 
defrned environmentaI conditions, wSsI transcripts were detected in endosperm. leaf, 
stem, root pre-anthesis floret, ovary and pollen (Figure 5.4A). In the developing 
endosperm, the wSsI transcript accumuIation at live to I0 DPA was higher than that at 
15 to 25 DPA (Figure 5-4B). The diff ince in wSii transcript accumuIation between our 
result and that of Li et al. (1999a) suggests that the genetic background and/or 
environmental conditions could affect the wSd expression. 
Despite the minor differences ic the SsI expression pattern, there are considerable 
similarities in the structure, behavior and hct ion of SSI isolated from different p [ants. 
Imparl-Radosevich et al. (1998) showed that the deletion of 36 - 93 N-terminal amino 
acid residues of make SSI did not affect its enzymatic activity, but onIy altered some of 
it's kinetic characteristics. This suggested that the catalytic domain of maize SSI is not 
located at its N-terminus. In our study, we show that the removal of 120 amino acid long 
peptide at the C-terminus of wSSI abolished the SS activity. The expression of the C- 
terminal truncated wSsl in E.coli resuited in the production of a 70 kDa polypeptide 
recognized by wSS1 antibody (Figure 5 2 ) ,  but it did not have SS activity (Figure 
5.2B). Consequently, it also did not restore glycogen synthesis in the glycogen synthase 
deficient E d i  RH98 (Figure 5.2C). This result is consistent with the previous reports 
(Gao et al., 1998; Ham et al., 1998) that the C-terminus of maize SS is important for 
starch synthase activity. 
The rnoledar mass of the mature wSS1 predicted from the amino acid sequences 
of wSsl-I and wM-I1 is 67 kDa. While the apparent molecular mass estimated from 
SDS-PAGE of the starch granule-bound wSSI, soluble wSSI (Figure 5.3A) and the 
expressed wSSI from Exoli (Figure 5.X) is 80 kDa. Similar a b e m t  migrations of 
starch synthase poiypeptides in SDS-PAGE have also been observed in potato SS[I 
(Edwards et al., 1995). maize SSI (Knight et d., 1998), maize SSII (Impad-Radosevich 
et al., 1999) and wSSII (Li et al.. I999b, Gao and Chibar, 2000). The difference in the 
predicted rnotecular mass and apparent molecular mass as determined by SDS-PAGE for 
the starch synthases is most likeIy due- to the inherent polypeptide structure of starch 
synthases as suggested before (Gao and C h i ,  2000). The slower migration on SDS- 
PAGE gels could be due to the SS interactions SS with glucan polymers and/or post- 
translational modifications of SS, as previously suggested (Edwards et al., 1995; Li et 
d., 1999b). However, our observations that recombinant SSI (this work) and SSII (Gao 
and Chibba., 2000) produced in E-coli show the same aberrant migration as SSI 
extracted from starch granules makes the latter expianations less likely. 
In plant storage organs, multipIe isoforms of SS are found, which likely make 
differential contributions to the totd soluble SS activity. In maize. SSI accounts for 
approximately 60% of total soluble SS activity, and DUI contributes 20-30% (Cao et al., 
1999). SSn and SSSIII are the major soluble SS in pea embryos and potato tubers. 
respectively (Denyer and Smith, 1992; Marshall et al., 1996). In this study, we found 
that wSSI contributed about two-thirds of total soluble SS activity (Figure 5.3). This is 
consistent with the previous report (Li et at., 1999a) that wSSI is the major soluble SS in 
wheat endosperm. 
Wheat, maize. pea and potato have the wSSI. maize SSI, pea SSII and potato 
SSIII as their major soIuble SS, dthough these are different SS isoforms. but they are 
present both in starch granules and in soluble fractions of amyloplast. Besides their 
localization to amyloplasts. pea SSII and potato SSIlI seem to have comparable function 
in the biosynthesis starch granules, because alterations in their activities result in related 
phenotypes: starch granules are similarly deformed, and mylopectin is enriched in short 
glucan chains (Craig et at., 1998; Edwards et al., 1999). Because wSS1 is 
immunologicdy da ted  to pea SSlI (Denyer et al-, 1999, and a c l  as the major soluble 
SS in wheat endospenn, it can be speculated that wSSI may have a similar h c t i o n  in 
mylopectin synthesis as pea SSU and potato SSLII. 
It is well documented that wSSt is present both in wheat endosperm soluble 
hct ion and starch p u l e s  (Rahman et al., 1995; Denyer et al., 1995; Li et al.. 1999a). 
This study extended our understanding of the localization and expression of wSSI 
throughout endosperm development. M e n  bulked wheat endosperms were analyzed. 
wSSI was present at almost constant levels in starch granules from five DPA to kernel 
maturity. [n endospenn sohble fractions. wSS1 was not detected at five DPA. and had 
the highest concentration at 10 and 15 DPA (Figure 5.5A). However, the analysis based 
on single wheat kernel showed that significantly increasing mount ofwSSI was trapped 
in starch granules with the growth of wheat endosperm. while in endospenn soluble 
tiactions, wSSI concentration was present at an almost constant level from 15 to 25 DPA 
(Figure 5.5B). 
The localization of wSSI in single wheat kernels may be associated with the 
development of starch granules. According to Badenhuizen ( 1965). an adequate number 
of starch rnolecdes is needed before they crystallize to form small starch granules. It is 
possible that wSSl may be involved in the synthesis of these starch molecules. and 
subsequentIy it gets trapped in starch granules during c~stallization. This could be the 
reason that no wSSI or Low amount of wSS1 is detected in endosperm Eractions at the 
early stages (five-10 DPA) of endospenn development. Later. wSSl may function on the 
surface of starch granuies (Ball et d., 1996), and is constantly entrapped into granules, 
which resdts in the detection of increased amount of wSSl in starch _pnules with the 
growth of wheat kernels. To maintain adequate quantities of wSS1 to function on the 
surface of starch granules, wSSI is synthesized constantly to compensate those 
embedded in starch granules, and therefore, the concentration of wSSI is kept at an 
almost constant levels from 15 to 25 DPA in endosperm soluble hctions. However, we 
do not h o w  whether wSS1 is active when embedded in starch granules. More studies are 
needed to precisely characterize the role of SSI in starch granule biosynthesis. The 
isolation and characterization of cDNA clones encoding SSI can be used in genetic 
engineering techniques to regulate SSI activity in developing wheat grains to study the 
function of SSI in starch granule biosynthesis and/or to produce wheat with altered 
starch structure (Biga et al.. 1999). 
CHAPTER 6 
GENERAL DISCUSSION 
Molecular and biochemical characterization of wheat A- and B-type starch 
granules may accelerate the breeding for wheat cuitivars with predominant A- or B-type 
starch p u l e s .  Such wheat cdtivars are very useful for food and non-food industries. 
This study Focused on the molecular and biochemical characterization of wheat A- and 
B-type starch granules with two objectives: I )  to develop a method to purify A- and B- 
type starch granules from wheat endosperm; 2) to anaIyze genes and proteins that may 
be related to the biosynthesis of A- and B-type starch m u l e s .  
Purified wheat A- and B-type starch granules are essentid for the precise 
characterization of the two starch g m d e  types. Several methods. including 
microsieving, sedimentation in a water column. and ehtriation have been developed to 
separate A- and B-type starch granules, which were subsequently analyzed for chemical 
composition and fimctional properties (for review. see Seib, 1994). However. these 
methods usually could not produce homogeneous A- and B-type starch granule 
populations (EIiasson and Karlssoa 1983). In this study, centrihgation through two 
Percoll solutions (70% and 100%) was found to be abIe to completeIy separate A- and 
B-type starch granules, which were confirmed to represent their counterparts in mature 
wheat endosperm (Table 3.1; Figure 3.1). Thus, the characteristics of intact A- and B- 
type starch mules in wheat endosperm could be determined by analysis of the 
chemical composition and gelatinization properties of the purified A- and B-type starch 
gandes. Consistent with previous reports (for review, see Seib, 1994), A-type starch 
grandes contained higher amylose concentration than B-type starch granules, and both 
granules differed in gelatinization properties (Figure 3.1). Because the purity of the A- 
and B-type starch granule populations was increased in this study, the range of amylose 
concentration difference between the two starch granule types was larger than those 
published previously (Eliasson and Karlsson, 1983: Sodaka and Momsoa 1985). 
Some starch granule-bound proteins (SGP) play important roles in the 
biosynthesis of starch granules in wheat endosperm, such as GBSSt (Nakamura et al., 
1995) and SGP 1, known as SSII (Yamamuri, 1998). Thus. the first step in this study was 
to determine whether some SGP are related to the biosynthesis of wheat A- and B-type 
starch gmuIes. For this purpose, SGP must be extracted h m  purified A- and B-type 
starch granules. The reason far Sulairnan and Morrison (1940) and Rahman et al. (1995) 
to obtain similar SGP profiles From wheat A- and B-type granules may be that they used 
sedimentation in a water column to separate the two types of starch granules. In this 
study. SGP were extracted from the confirmed homogenous A- and B-type starch 
granule populations (Figure 3.1) and resolved by SDS-PAGE. Two SGP. SGP-I40 and 
SGP-I45 were observed to be preferentially associated with A-type starch granules in 
mature and devetoping wheat endosperm (Figure 4.1: Figure 4.3). 
[mmuno blotting and N-terminal sequencing suggested SGP- I JO and SGP- 145 
were different variants of SBEIc, a 152 kD isoform of wheat starch branching enzymes 
(Biga et d., 2000) (Figure 4.4; Table 4.1). When expressed in E-cofi. SbeIc cDNA 
produced an active SBE, and complemented the SBE deficiency in the Ecoli strain used 
by Biiga et al. (2000). These results suggest that both SGP140 and SGP-145 have SBE 
activity. Similar to granule-bound starch synthase I (GBSSI), SGP-140 and SGP-145 
were localized in starch granules, but were not found in the endospexm soluble hctions 
(Figure 4.5). Therefore, SGP-140 and SGP-145 may be active in mytopectin synthesis 
on polymers of A-type starch granules, because wheat would not waste energy to 
synthesize non-functiond SBE. 
Mutants without amylose in many pImt species have similar starch granules to 
wild-type, while no mutants seiectively lacking amylopectin have ever been reported. 
This suggests that the major structure of starch granuies is determined by amylopectin 
(Ball et al., 1998). In developing wheat endosperm, preferential association of SGP- L4O 
and SGP-I45 with smaIl A-me. rather than B-type starch granules may resutt in that 
small-size A-type starch granules have more arnytopectin than B-type. thus. small-size 
A-type starch granuies could grow to become Full-size A-type (Figure 42; Figure 4.3). 
Alternatively, the amylopectin produced by SGP-140 and SGP-145 may have specific 
structure. which may cause more amylopectin synthesized or deposited at the periphery 
of smalIaize A-type starch granules than at the periphery of B-type starch granules. 
Currently, only endosperm of wheat, barley, rye and triticale contain A- and B- 
type starch granules, showing bimodal granule size-distribution (French. 1984). In other 
piant species, such as maize, rice, canary seed (endosperm) and potato (tubers), starch 
granules are not differentiated into A- and B-type. giving unhodal granule size- 
distribution. Examination of SGP profiles of barley, rye and triticaie showed that 
homologs of SGP-140 andtor SGP-145 were preferentidy associated with their A-type 
starch granules. In contrast, homologs of SGP-140 and SGP-I45 were not observed in 
starch granules fiom potato tubers and maize, rice and canary seed endosperm (Figure 
4.6). These resdts M e r  suggest that SGP-I40 andfor SGP-135 is correlated to the 
occurrence of the bimodal granule size-distribution through regulation of amylopectin 
synthesis in A-type starch granules. 
The proportion of A- or 8-type starch granules in wheat and barley endosperm is 
genetically controlled by multiple genes (Stoddard, 1998; Boem et al., 1999). Thus, it is 
necessary to investigate more starch synthetic enzymes to determine if they are involved 
in the biosynthesis of A- a d o r  B-type starch granules. In barley shrunken (shx) 
mutants, the overall sizes of A-type starch granules are decreased, and granule size- 
distribution becomes unimodal (Schuhan et d., 1994). Biochemical analysis reveals 
that the recessive mutation at the shx locus causes the reduction of SSI activity by 86% 
with the disappearance of one SSI isoform (Tyynela and Schulman. 1993). Additionally, 
the activity of enzymes upstream of SSI dong the starch synthetic pathway, including 
sucrose synthase and ADP-Glu pyrophosphoryiase are also considerably decreased by 
this mutation (Type12 et ai., 1995). However, the products of these affected enzymes 
except SSI are accumulated, and the activities of GBSSI and SBE which are downstream 
of SSI in the starch synthetic pathway is not affected in shr mutants. Therefore, SSI may 
be the mutation site in shx mutants, and involved in the determination of A-type starch 
granule sizes in bariey (Schulman and Ahokas, 1990; Tyynela and Schulman, 1993). In 
wheat. the Function of wSSI in starch synthesis is not known because natural mutants 
lacking wSSI activity Eom A, B and D genomes (wSSI full mutation) have not been 
identified and characterized. Since wheat and barIey are related phytogenically, wSSI 
may affect the sizes of A-type starch granules, simiIar to b d e y  SSI. 
Biochemical and molecular characterization of A- and B-type starch grandes in 
wheat endosperm makes it necessary to understand the h c t i o n  of wSSI. Analysis of 
wSSI 111 mutation is one of the best ways to achieve this goal. Although no naturally 
occurring wSSI 111 mutation has ever been found in wheat, it is possible to make one 
through genetic manipulation of wSsI. For this purpose, the F i  step is to clone wSsl 
cDNA and characterize wSSI. In this study, two nearly Full-length cDNA, wSsI-I and 
wSsI-[I were cloned from a wheat endosperm cDNA library (Figure 5.1). Expressed in 
the E.coli strain RH98, which possesses a glycogen synthase deficiency, wSsI cDNA 
produced an active starch synthase, and complemented the glycogen synthase deficiency 
(Figure 5.2). Northern blot analysis showed wSsI transcript was detected in leaf. stem, 
root. pre-anthesis floret. ovary and pollen and endosperm, and the expression level of 
wSsI at 5 - 10 DPA in endosperm was higher than at 15 - 25 DPA (Figure 5.4). 
Denyer et ai. (1995) and Li et al. (1999a) reported that wSSI was localized both 
in endosperm soluble hctions and starch granules. However, the Iocalization and 
expression of wSSI throughout endosperm developmental stages are not known. nor is 
the relative distribution of wSS1 between starch granules and endosperm soluble 
fractions. In this study. it was found that in developing wheat endosperm. wSS1 was 
present at a constant level in starch granules fiom five to 25 DPA. while in endosperm 
soluble hctions. wSSI was not detected at five DPA, and had highest levels from 10 to 
15 DPA. Analysis of SSI levels on single wheat kernel basis showed wSSI had similar 
concentrations in endosperm soluble tiactions fiom 15 to 25 DPA. and much more wSSI 
was present in starch granules than in endosperm soluble Fractions throughout 
endosperm development (Figure 5.5). 
Multiple SS isoforms have identified in plant storage organs, and their relative 
contributions to the total soluble SS activity appear to be correlated with their 
importance in amylopectin synthesis (Edwards et al., 1999). In potato tubers. SSnI 
contributes approximately 80% of the total SS activity in potato tubers, much more than 
that of SSII, which accounts only 10-1 5% (Edwards et al., 1995; Marshall et al., 1996). 
Antisense inhibition of SSIII has much greater effect on amylopectin structure and starch 
granule morphology than antisense reduction of SSII activity (Edwards et al., 1995 and 
1999). In wheat endosperm soluble fractions, three SS isoforms, wSS1, wSSII and 
wSSm have been identified (Li et id., 1999% I999b), while which of these SS isoforms 
accounts for the major soluble SS activity has not been determined (Denyer et al.. 1 9 9 5 ~  
Li et al., 1999a). From the irnmunoprecipitation experiment in this study, it is evident 
that wSSI is the major soluble SS in wheat endosperm as it contributed about 65% of the 
total soluble SS activity in wheat endosperm (Figure 5.3). Based on the effect of 
antisense inhibition of SSIII in potato tubers, it is expected that genetic manipulation of 
wSSI in wheat endosperm would have a potential to modify arnylopectin synthesis 
significantly. 
6.1 Future directions 
The chemical composition and functional properties of wheat A- and B-type 
starch granules have been studied extensively (Kulp, 1973; Soulaka and Morrison. 1985; 
Tester and Morrison, 1990; Raeker et al., 1998). However. A- and B-type starch 
granules used in dI previous studies were separated by microsieving, sedimentation in a 
water column, or elutriation, which were found not to be able to produce homogeneous 
A- and B-type starch granule populations (ELiasson and KarIsson, 1983). The precise and 
accurate andysis of the chemical composition and hc t iond  properties of A- and B- 
type starch granules is essential for determining their end-uses in food and non-food 
industries (Seib, 1994). Thus it is necessary to develop methods to completely separate 
A- and B-type starch granules and characterize the two starch granule types. 
In our study, purified A- and B-type starch granule populations were produced by 
centrifugation through two Percoll solutions, and they were contirrned to represent their 
counterparts in mature wheat endosperm (Table 3.1: Figure 3.1). In the hture study. the 
purified A- and B-type starch granules will be used to evaluate their chemical 
composition and functional propertics in details, including Lipid and protein 
concentrations. retrogradation behavior, pasting characteristics and baking application. 
Furthermore, the structure of amylose and arnylopectin of A- and B-type starch granules 
will be analyzed. In barley, Takeda et al. (1999) found that A- and B-type starch 
granules had different structure of amylose and amylopectin. and suggested that the 
biosynthesis of A- and B-type starch granules may be under different reguIatory or 
genetic control. In wheat, the proportion of A- and B-type starch p u l e s  is geneticalIy 
controlled (Stoddard, 1998), the two starch granule types may differ in the structure of 
their amylose and amylopectin. 
The data in Chapter 4 suggest that preferential association of SGP-140 and SGP- 
I45 with A-type starch granules may be correlated to the size growth of wheat A-type 
starch granules, and to the occurrence of the bimodal starch granule-size distribution in 
wheat, barley, rye and triticale. The question for firture studies wouId be what roles SGP- 
I40 and SGP-145 play in the size growth of wheat A-type starch granules. 
LOO 
As discussed above, in developing wheat endosperm, SGP-140 and SGP-145 
may produce amylopectin with specific structure in small-size A-type starch granules, 
thus resulting in the growth of small-size A-type into fill-size A-type starch grannies. 
The cloning of cDNA of Sbelc (BAga et al., 2000), Sbel (Repellin et al., 1997) and Sbell 
(Nair et al., 1997) from wheat endosperm makes it possible to test this hypothesis. With 
the method described by Biga et d. (2000), cDNAs of Sbelc, Sbel and SbeN were 
expressed in the E.coli mutant with a SBE deficiency, respectively. If the enzyme 
encoded by Sbelc has the ability to produce branching glucan polymers with a specific 
structure in A-type granules. Sbelc would produce a branching structure in glycogen 
molecules different from those by Sbel and Sbell when the three Sbe isofoms are 
expressed in Ecoli separately. Thus, anaIysis and comparison of the branching pattern of 
the glycogen molecules produced by SbeIc, Sbel and SbeII would determine whether 
Sbelc could produce a specific branching pattern in glycogen, and indicate if Sbeic has 
the potential to produce arnyiopectin with a specific structure in A-type starch granules. 
Analysis of mutants lacking SGP-140 and SGP-145 may be another way to 
elucidate the roles SGP-140 and SGP-145 play for the size growth of wheat A-type 
starch granules. However, in hexaploid wheat, it will be difficult to find naturaI mutants 
lacking SGP-140 and SGP-145 or generate mutants via mutagenesis. Barley is diploid, 
and most likely shares the same mechanism for the synthesis of A- and B-type starch 
granules as wheat because barley and wheat are very closely related phyiogeneticdly. 
Therefore, it is reasonable to use barley for firture studies on SGP-140 as barley has 
SGP-140. There are two possiiIe ways to obtain barley mutants lacking SGP-140. The 
first approach would be to identify natural occurring mutants in barley. This approach is 
possible because barley shx mutant affecting the size of A-type starch granules was 
found in nature (Schulman and Ahokas, 1990). However, this approach would take many 
years. The second approach would be antisense inhibition of SGP-140 in barley. Barley 
cDNA encoding SGP-140 could be readily cloned using wheat Sbeic cDNA as probe 
(BAga et a[., 2000). Subsequently, this cDNA can be introduced into barley and 
expressed in an antisense direction under the controt of a seed specific promoter. Thus, 
the production of SGP-140 in barley endospenn may be inhibited. The antisense 
approach has been successfully used in potato to study the effect of GBSSI. SBE I. SSII 
and SSaI on starch synthesis (Visser et al., 1991; Flipse et al.. 1996; Edwards et al.. 
1999: Lloyd et al., 1999). The major drawback for this approach would be the low 
transformation efficiency of barley. 
Rye contains the homolog of wheat SGP-145. Similar to barley. rye is dipIoid. 
and most Likely shares the same mechanism for the synthesis of A- and B-type starch 
granukes as wheat. Thus, rye can be used for hture studies on SGP-145 with the same 
approaches as barley. 
An alternative approach for elucidating the function of SGP-I40 or SGP-145 in 
the synthesis of A- and B-type starch granules is to express the cDNA encoding SGP- 
140 or SGP-145 in maize endosperm. Maize can be genetically transformed (Gordon- 
Kamm et al., 1999) and has no homologs of SGP-140 and SGP-145. Because maize 
endosperm has a unimodal starch granule-size distciiution, and the presence of SGP-140 
and/or SGP-I45 is correlated to the occurrence of the bimodal starch granule-size 
distn'bution, the introduction and expression of the cDNA encoding SGP-I40 or SGP- 
[45 in make endosperm may result in the alteration of starch granule sizedistribution. 
wSSl was shown in this study to account for approximately two thirds of the total 
soluble starch synthase activity in wheat endosperm (Figure 5.3). This indicates that 
wSSI may play an important roIe in starch synthesis, similar to pea SSII (Craig et al., 
1998) and potato SSIII (Edwards et al., 1999; Lloyd et d., 1999). The motecular cloning 
and characterization of wSsl cDNA from wheat endosperm make it possible to 
investigate the h c t i o n  of wSSI in starch synthesis, especially in the synthesis of A- and 
B-type starch granules. Yarnamori and Endo (1996) identified partial wSSI mutant Iines 
that are deficient in wSS1 activity from either the A or 5 genome. Through crossing. 
wheat Iines lacking wSSI From both A and B genomes could be developed. In these 
wheat lines, introduction and expression of wSs1 cDNA from D genome in an antisense 
orientation under the controt of a seed specific promoter (BAga et at.. 1999a) may result 
in the inhibition of the synthesis of wSSI from A. B and D genomes. Subsequent 
andysis of the fidl wSSI mutants may provide conclusive evidence for the role of wSSI 
in the synthesis of starch granules. 
6.2 Conctusions 
Centrifugation through two Percoll concentrations completely separated A- and 
B-type starch p u l e s ,  and the two types of starch granules had significantIy 
different chemical compositions and gelatinization properties. 
Two starch granule-bound proteins (SGP), SGP-140 and SGP-145 were 
preferentially associated with A-type starch grandes in deveIoping and mature 
wheat endosperm. 
The preferentid association of SGP-140 and SGP-145 with A-type starch 
granules was correlated to the size growth of wheat A-type starch granules, and 
related to the occurrence of the bimodal starch granule size-distribution in 
wheat, barley, rye and triticale endosperm. 
r SGP-140 and SGP-145 were different variants of SBEIc (a 152 kD isoforrn of 
wheat starch branching enzymes), and locdized in the endosperm starch 
granules. 
0 Two nearly fill-length cDNA, wW-I and wSsI-11, were cloned from a wheat 
endosperm cDNA library. Expressed in E. coli. ~ S s l  cDNA produced an active 
starch synthase. 
wSSI was present at a constant level in starch granules through endosperm 
development, while the concentration of wSSI in endosperm soluble fractions 
varied with the growth of endosperm. 
Analysis based on single wheat kernel showed wSS1 has similar concentrations 
in endosperm soluble fractions h m  15 to 25 DPA, and much more wSSI was 
present in starch grades than in endosperm soluble fractions. 
0 wSS1 contributed about two thirds of total soluble starch synthase activity in 
wheat endosperm. 
r wSsI transcript was detected in Leaf. stem, root, pre-anthesis floret, ovary and 
pollen. In endosperm, the expression IeveI of wSsl at 5 - 10 DPA was higher 
than at 15 - 25 DPA. 
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